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Abstract 

 

Coating and Doping of Ge QDs 

by 

Brittany L. Oliva-Chatelain 

 

The ability to incorporate a dopant element into nanocrystals (NCs) and quantum 

dots (QDs) is one of the key technical challenges for the use of these materials in a 

number of optoelectronic applications, particularly solar applications. Unlike doping of 

traditional bulk semiconductors materials, the location of the doping element can be 

either within the crystal lattice (c-doping), on the surface (s-doping), or within the 

surrounding matrix (m-doping). A range of attempts to dope Ge QDs both during and 

post-synthesis are reported here. The QDs have been characterized by TEM, XPS, and 

I/V measurements of SiO2 coated QD thin films in test cells using doped Si substrates.  

The solution synthesis of Ge QDs by the reduction of GeCl4 with LiAlH4 results in Ge 

QDs with a low level of chlorine atoms on the surface; however, during the H2PtCl6 

catalyzed alkylation of the surface with allylamine, chlorine functionalization of the 

surface occurs resulting in p-type doping of the QD. A similar location of the dopant is 

proposed for phosphorus when incorporated be the addition of PCl3 during QD synthesis; 

however, the electronic doping effect is greater. The detected dopants are all present on 

the surface of the QD (s-type), suggesting a self-purification process is operative. 

Attempts to incorporate boron or gallium during synthesis were unsuccessful.  

The silica coating of these particles was successful using a modified Stöber 

method. Monodispersed silica nanoparticles 20 nm in diameter were synthesized with Ge 

QDs as seeds. The resulting structures comprise of Ge QD core within a silica sphere. 

Films of these particles result in an average QD…QD distance of 9.6 nm, which is less 

than the maximum distance required for good electron transfer (10 nm). Film thickness 
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and annealing tests were done to optimize the cells. These cells were tested for efficiency, 

and it was found that the phosphorus doped quantum dots and the undoped quantum dots 

both produced the highest photo induced current on n-type silicon wafers at ¼ of the 

maximum concentration of these particles with the phosphorus doped quantum dots 

producing a higher efficiency overall. Thermal annealing the films prior to deposition of 

the front and back contacts enabled a doubling in the cell efficiency, but did not show any 

marked increase in the density or crystallinity of the films.  
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“Time is the best appraiser, and I am aware that an industrial discovery rarely produces 

all its fruit in the hands of its first inventor.”  Louis Pasteur 
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Preface 

 

The future scope for this body of work has implications for solar applications. 

There are four kinds of solar cells currently being produced. Crystalline silicon solar cells 

were created first, and they are called first-generation solar cells. These silicon solar cells 

function with a p-n junction to generate a flow of electricity and create a highest reported 

efficiency of 27%. Crystalline silicon is expensive to produce due to the level of purity 

required for solar cells, which makes these first generation cells costly for commercial 

consumption. Additionally, the theoretical maximum efficiency of silicon solar cells is 

31%, which is fast approaching for the commercially available solar cells. Due to the cost 

and approaching limitation, other types of solar cells were produced. Second generation 

solar cells are slightly less expensive to produce, but they also have a lower efficiency at 

20%. These solar cells also function with a p-n junction and are made of either cadmium 

telluride (CdTe) or cadmium indium gallium selenide (CIGS), which uses toxic and rare 

elements. Third generation solar cells are completely different than the first two 

generations because they do not use a traditional p-n junction to operate; they have a 

uniform mixture of a donor and acceptor materials that interact with each other to create a 

flow of electricity. These solar cells are much less expensive to make compared to the 

other generations of solar cells, but they have a poorer efficiency at only 10%. Third 

generation solar cells are dye-sensitized solar cells (also known as Gratzel cells) or 

organic (polymer) solar cells. Because the materials used in these solar cells are organic, 

they require frequent replacement due to degradation, which, in addition to the relatively 

low efficiency, makes these cells less ideal for long-term use. The fourth kind of solar 

cell is called a tandem cell. Tandem cells require more than one p-n junction with 

multiple layers of semiconducting materials that absorb at different wavelengths to utilize 

more of the solar spectrum than traditional single p-n junction solar cells. An example of 

a tandem cell is GaInP/GaAs/GaInAs, which has two p-n junctions represented by the 



xxiii 

backslashes. This material is very expensive to produce, but it has an efficiency of 44%, 

which is much higher than any other solar cell. However, these tandem cells are not used 

on earth; they are used in space on satellites. The elements that are used to create these 

cells are rare, which makes wide commercial use of these cells illogical.  

Currently, first generation solar cells make up 90% of the commercial market 

worldwide. The work of this thesis was inspired by the idea of utilizing first generation 

solar cells in a tandem cell structure. If a tandem cell could be created with an existing 

silicon solar cell, the efficiency of the cell could be increased beyond the theoretical 

maximum efficiency without having to create a completely different solar cell. Utilizing 

the silicon cell would be the most cost effective way to create a more efficient solar cell 

because production facilities of the silicon wafers already exist, which would produce the 

biggest impact with the least cost increase. However, if the existing silicon wafer 

fabrication facilities are going to be used for this tandem cell, the additional material to 

go on top of the wafers needs to be approved to ensure no increase in impurities in the 

facilities for the production of the wafers.  

A proposed layer of material for this silicon wafer tandem cell is a silica coated 

quantum dot thin film. The quantum dots would be either silicon or germanium. Using 

these materials for the tandem cell, the purity of the silicon wafers would not be in 

jeopardy. Quantum dots have different electronic properties compared to bulk material. 

Bulk silicon has a band gap of 1.12 eV, which absorbs in the visible region of the solar 

spectrum. Quantum dots of the same material absorb in the ultraviolet region of the solar 

spectrum, which is an area that bulk silicon cannot absorb. If a quantum dot layer were 

made on an existing silicon solar cell, the efficiency of this material should increase 

simply because more of the solar spectrum is being absorbed. The work of this thesis 

aims to prove the concept of using silica coated germanium quantum dots as a tandem 

layer with silicon wafers.  



	  

Introduction 

  

Portions of this introduction are included in B. L. Oliva-Chatelain, T. M. Ticich, and A. 

R. Barron, Nanoscale, 2016, DOI: 10.1039/c5nr04978d. A preprint can be found in 

Appendix B.  

 

 A nanocrystal (NC) is ordinarily defined as a material particle having at 

least one dimension smaller than 100 nanometres and composed of atoms in either 

a single- or poly-crystalline arrangement. If the dimensions of a NC are smaller 

than twice the Bohr radius of the material it is made of, then quantum confinement 

occurs.1,2 A quantum dot (QD) is a crystalline nanoparticle (nanocrystal) that has a 

diameter small enough to induce quantum confinement.3 For example, silicon’s 

Bohr radius is 5 nm; if a Si-NC were <10 nm, it would be considered a Si-QD.2,4,5 

However, we note that the quantum confinement is comparatively weak for NCs 

larger than the Bohr radius as compared to those that are smaller than the Bohr 

radius. These particles exhibit different electronic behaviour from the bulk 

material. The band gap of bulk silicon is 1.12 eV, but the band gap of Si QDs is 

much larger and depends on the size of the particle. Although, the first quantum 

dots were discovered by A. A. Onushchenko in 1981 as copper (I) chloride 

nanocrystals, it was not until 1992 that Brus and co-workers reported the first 

silicon quantum dots.3,6  

 Once quantum dots were discovered to have tunable band gaps, it was only 

natural to try using them for improved solar cell applications. The majority of 

studies employing QDs (or NCs) in solar applications have been for compound 

semiconductor materials such as CdSe and PbS.7 However, silicon-based cells 

make up 90% of the current solar market, and thus the enormous infrastructure 

dedicated to Si-based fabrication is already in place. It makes sense, therefore, to 
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try to increase the efficiencies of traditional cells before creating a completely 

novel solar cell that may require completely different manufacturing techniques. 

Furthermore, using Si QDs on Si wafers in existing fabrication facilities would not 

add any unwanted impurities in the sterile environment that Si wafers require for 

production.  

 In a simple enhancement of current Si-based solar cell efficiency results 

from the porous Si-QD film induced increase of light absorption.8,9 The solar cell 

efficiency may be further improved as the efficiency of down-shifting short-

wavelength light to red light by Si-QDs increases. The enhancement with this 

approach is ca. 1%; however, where real improvements are expected is in the use 

of a QD tandem cell. In this regard, Martin Green’s group has suggested the 

incorporation of a Si-QDs tandem layer onto a traditional Si-based cell.5,10-14 

Figure I.1 shows a schematic of a QD based tandem cell in which the upper QD 

layer absorbs at shorter wavelengths (higher energy) of the electromagnetic 

spectrum compared to the bulk material. Silicon wafers absorb mostly in the 

visible region of the electromagnetic spectrum, while Si QDs absorb further into 

the UV region.15 Adding the QDs on top of the Si wafer would allow for a broader 

energy range of photons to be absorbed and used to create a photo-induced current. 

However, the quantum dots will not be able to produce a current without a small 

separation between them with an insulator such as SiO2, keeping the solar cell as 

an all-silicon solar cell. The QDs should be no more than a few nanometers apart 

in order to produce a current.5,10-14  

 A critical attribute required for the successful fabrication of an all-Si 

tandem cell is the ability to create both n- and p-type layers of Si QDs through 

appropriate doping. For group 14 elements like silicon, an n-type dopant is usually 

an element from Group 15 of the periodic table like phosphorus, while p-type 

material needs electron deficient material such as boron from Group 13 of the 
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periodic table. If Si QDs dots are to be used in all-Si solar cells, doping them to 

form p-n junctions is a necessity depending on the cell structure. The process to 

dope QDs should be well defined and controlled. This review summarizes state-of-

the-art research on fabrication of p-type or n-type doping of silicon QDs. In 

addition, given the more extensive research into the doping of silicon NCs (i.e., 

100≤d≥5 nm) and the lessons that may be learnt from these studies we have not 

differentiated between NCs and QDs. However, where a clear preference was used 

in the original literature we have kept the nomenclature as used therein.  

 

 
Figure I.1. Schematic of two different tandem solar cells using a first generation silicon 

solar cell and cells comprised of silicon quantum dots in a silica matrix (Reprinted with 

permission from E.-C. Cho, M. A. Green, G. Conibeer, D. Song, Y.-H. Cho, G. Scardera, 

S. Huang, S. Park, X. J. Hao, Y. Huang, and L. V. Dao, Adv. OptoElectron., 2007, 

69578). 

 

Categorizing Dopants at the Nano Scale 

Doping of a traditional bulk semiconductor may be achieved in a number of ways: 

substitution of a lattice site, interstitial impurity, or (in the case of compound 

semiconductors) anti-site substitution.16 In a bulk material the level of doing ranges from 

1013-1018 cm−3. Translating this level of dopant to a nanocrystal presents a problem of 
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scale. As noted above, a typical Si QD has a diameter in the range of 5 nm, which 

correlates to approximately 3900 atoms. In order to create a dopant level similar to bulk 

dopants (1013-1018 cm−3) this would require 1 atom per 105 QDs at the low level and 7 

atoms per QD at the highest level. Clearly this means that below ca. 1.4x1017 cm-3 only a 

fraction of the NCs would be “doped”. So it appears that the traditional view of doping 

semiconductors loses meaning at the nano scale. Herein, we define dopants of the crystal 

lattice of the QD (or NC) as a c-dopant (c = crystal lattice), see Fig. I.2a.  

 An alternative view of doping at the nano-scale involves surface 

functionalization or substitution at the interface between the nanoparticle and the 

surrounding matrix. In this case the dopant element would act as an electron donor 

(which injects electrons and therefore acts as a n-type material) or electron 

withdrawing group (resulting in the equivalent effect as injects holes and therefore 

acting like p-type doped material). In this case, the dopant effect of a particular 

element may be different from that expected based upon lattice substitution. This 

type of dopant is defined as s-dopant (s = surface), see Fig. I.2b.  

 

 

Figure I.2. Schematic representation of (a) c-, (b) s-, and (c) m-dopants for 

semiconductor nanocrystals.  

 

 Finally, researchers have found that doping of a dielectric matrix (i.e., SiO2) 

surrounding NCs has an effect that can be likened to doping the QDs. Even though 

this is not doping in the strictest sense, the electronic effects are similar to NC 

doping. As such these are included in the present review. This class of dopant is 
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termed m-dopant (m = matrix), see Fig. I.2c. Although spectroscopy appears to 

indicate no direct bonding of the element to the NC surface, we note that it is 

difficult to differentiate the effects of s- and m-dopants. We note that the effects of 

a matrix dopant such as P may not be as an electronic dopant to the NC, but to aid 

conductivity between the NCs.17 Gutch et al. have reported that as SiO2 thickness 

goes from 4 to 1 nm, the current increases orders of magnitude and hence 

experimentally demonstrated the necessity of ultrathin barriers to achieve charge 

transport when using SiO2 as a barrier material. They proposed that the mechanism 

for an electron to tunnel from one Si NC to another is best understood as “defect-

assisted band-to-band” tunnelling, which halves the energy barrier for tunnelling.17 

The dopant effect of altering the barrier to electron transport between NCs is 

supported by the computational and experimental work of Konig et al.18 They 

showed that the introduction of a single phosphorus atom in SiO2 shows a reduced 

transport barrier for electrons and holes by 97% and 85%, respectively, which 

results in a net increase in conductivity. They concluded that such dopants cause a 

massive increase in conductivity of P-doped SiO2, while not working as a donor.  

 It is of course worth noting that these three types of dopants may coexist in 

reality. This is particularly true when the level of dopant is higher than the 

solubility limit in the silicon. For example, it is reported for B and P hyper co-

doping in Si NCs by non-thermal plasma,19,20 that while the solubility of B and P 

in Si is 1% and 0.3%, respectively, dopant significantly higher levels were 

achieved (B = 7-31%; P = 4-18%). Thus, the excess dopant concentrations beyond 

that must be on the surface.  

 The issue of doping is further confused by the difference between the 

dopant element being present and the dopant element being active. Theoretical 

study on P doping on the surface, within, and replacing dangling bonds in Si QDs 

have shown that P would most likely prefer a subsurface substitutional location, 



6 

which would allow it to be electronically active.20 If there are two P atoms, 

however, then there is no unpaired electron, and the dopant elements are no longer 

electronically active; the QD will act as if it were undoped. On the other hand it 

was determined that if the P atom passivates a dangling bond on the surface of the 

QD, it also does not have an unpaired electron to change the band gap any longer, 

and the material acts as if it were undoped.20 However, if another P atom were 

doped in the Si QD with a passivated P atom in a dangling bond, then the QD 

would be electronically active again.  

 

Synthetic Strategies 

The synthetic strategy employed in doping silicon NCs depends, in part, on the 

class of dopant required (see above). However, within the literature there are several 

approaches that have been reported where the result can depend on reaction conditions 

and on the dopant element. The following is, therefore, aimed at summarizing the 

different synthetic strategies while indicating (when known) the resulting dopant 

structure.  

 Table 1 summarizes all of the dopant types and levels that can be produced 

using various synthetic methods that have been described in this section.  

 

Doping during synthesis. One of the strategies to dope nanocrystals is to do so 

during synthesis so the dopant element is incorporated without additional steps. 

There are several methods to dope during synthesis; however, the final physical 

location of the dopant element depends on the route. The synthetic methods may 

be divided into those that are bottom up (from atomic or molecular precursors) or 

top down (from bulk materials). 
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Table I.1. Summary of dopant concentrations achieved with selected synthetic methods. 
Doping 

element 

Method Concentration 

(atomic %)a 

Reference 

B CVD 0.004-31 21-24 

B Plasma synthesis 0.1-0.3 25 

B Laser ablation <10 26 

B Co-sputtering <28.1 10, 13, 19, 27-43 

B Ion implantation <0.00001 44, 45 

P CVD 0.003-20 22-24, 46-50, 51  

P Plasma synthesis 0.06-5.6 25 

P Solution  6 52 

P Laser ablation <7 26, 53 

P Co-sputtering <7.2 5, 11, 30, 31, 33-35, 38, 40-43, 

54-58 

P Ball milling 0.01 59 

P E-beam 

Lithography 

0.06 60, 61 

P Ion implantation <0.6 44, 62 

P Electrochem. 

Etching 

0.09-10 63 

Er CVD 2-4.6 64 

Er Co-sputtering 0-0.07 65 

Mn Solution  0.5-15 66, 67 

Sb Co-sputtering 0.5 10 

Au Ion implantation 0-002-0.06 62 

N (NH3) Gas adsorption 0.004 68 

N (NO2) Gas adsorption 0.04 68 
aIt should be noted that values presented herein are as reported in the appropriate literature, and 

represent a total “dopant” concentration in the sample and not necessarily the levels within the NC.  
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 Solution synthetic methods for NCs have become widely used for a wide 

range of materials, in particular for compound semiconductors, since the first 

reports of a suitable silane elimination reaction.70-72 Solution routes are also 

applicable for silicon NCs, in which suitable precursors are reacted in an inert 

atmosphere to reduce the possibility of oxidation. The most common reaction 

involves the reaction of the appropriate chloride (SiCl4) with a suitable reducing 

agent (LiAlH4 or Mg) in the presence of a suitable capping agent such as 

tetraoctylammonium bromide (TOAB).73,74 Doped NCs are prepared using a 

dopant in the reduction solution. By this method it is generally assumed that 

adjusting the concentration of the dopant precursor in the reaction can control the 

dopant concentration. However, this pre-supposes the reaction rates are the same 

for all species.75  

 Reduction of a mixture of SiCl4 and PCl3 with Mg results in P-doping at 

about 6% atomic concentration in silicon nanocrystals (5-12 nm).52 In a similar 

manner, Mn has been reported at dopant concentrations of 5-15% through the 

reaction of Mn doped Zintl salts (NaSi1-xMnx) with ammonium bromide.66  

 Doping methods that involve ligands on the surface of the particle do not 

have dopant concentrations or carrier concentrations to measure although there is 

an obvious change in the electronic properties of the material.75 There are a couple 

of advantages here: the use of common reagents, conventional bench top chemistry 

methods, and the ability to scale the synthesis. However, there are a couple of 

drawbacks: tunability of the NC size is difficult, and the use of a Schlenk line or 

glovebox is required to control the oxidation of the particles.  

 A wide range of chemical vapour deposition (CVD) processes have been 

employed for the fabrication of doped silicon NCs, including: low pressure 

chemical vapour deposition (LPCVD),77 spray pyrolysis CVD,21-64 very high 

frequency plasma CVD (VHF CVD),78 plasma enhanced CVD (PECVD),46,79,81 
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low pressure microwave plasma CVD,22,23,47-49,82 and non-thermal plasma CVD.82 

There has been a recent review of efforts to dope Si NCs synthesized by plasma 

routes.25  

 Typically, the in-situ chemical synthesis methods rely on the use of ca. 1% 

dopant carrier gas (phosphine or diborane) diluted with helium and various gas 

pressure was used in the reaction chamber.46,48,78,79,81 Varying the ratio of silane to 

dopant was also investigated to control dopant concentration.46-48,80 Boron dopant 

levels in nanocrystals produced with these methods have a reported range as 

follows: 1018-1022 cm-3.21-23 Phosphorus dopant levels in these nanocrystals have a 

reported range as follows: 1018-1022 cm-3.22,23,47,48 Several groups reported dopant 

concentration in atomic % instead of [dopant]. Erbium has been doped between 2-

4.6%,64 and phosphorus was doped between 4-9 %.82  

 Although requiring a post-deposition anneal, molecular beam epitaxy 

(MBE) has been used to synthesize doped NCs. With the use of electron beam 

evaporation of silicon the dopants are introduced during evaporation with a solid 

source effusion Knudsen cell for the sublimation of boron and a solid source 

effusion cell of GaP for phosphorus. All of these elements are deposited on Si 

wafer substrates, and then annealed post deposition to create nanocrystals. None of 

the researchers that have reported this method provide detailed parameters used to 

control dopant concentration, but they report dopant concentrations. Phosphorus 

concentration was varied 0.5-8% with no specifications on control.83  

 Co-sputtering with an associated anneal is related to the MBE approach in 

delivery of components in their elemental form, albeit as clusters rather than 

individual atoms. In this case the films are annealed to create nanocrystals inside 

of the deposited thin film containing the dopant. Due to the uniformity of the thin 

film created, the dopants are widespread and incorporate into the nanocrystals with 

annealing. According to several researchers, the number of boron (or erbium) chips 
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on the sputter target controls concentration;27-29 controlling this variable yields 0-

14% boron,27-29,84 or erbium at 0.02-0.07%.65 Controlling the starting concentration 

of phosphorus or boron in the sputter target was also reported to control the dopant 

level in the resulting material.31,54-57 Phosphorus concentration from varied starting 

material ranges from 0-1.8%;31,54-57 boron concentration from varied starting 

material ranges from 0-1.25%.31,55  

 Controlling the radio frequency power supplied to the dopant targets is the 

most widely reported aspect to control dopant levels.5,10-13,32,33 Boron concentration 

varied from 0-5.43%.10,13,32,33 Phosphorus concentration varied from 0-3.02%.5,11,33 

Antimony doping was also successfully produced by this method with 0.5% 

dopant concentration.10 Imakata et al. reported that a carrier concentration of 1020 

cm-3 corresponds to roughly 1.4 dopant atoms per nanocrystal (3 nm in diameter) 

consistent with c-type doping.33  

 Controlling the areal ratio in the boron or phosphorus targets can also 

control the dopant concentration in the resulting material.34 Phosphorus was doped 

at a range of 0-0.61%;34 boron was doped at a range of 0-1.16%.34 Some did not 

report the method of dopant control, but reported the level of dopant in the 

resulting material.19,30,35-43,58 Phosphorus dopant range from these reports was 0-

7.2%;19,30,35-38,40-42,58 boron dopant range from these reports was 0-28.1%.19,30,36-

41,43  

 As a variation on evaporation and sputtering, laser ablation allows for 

dopant concentration control through variation in the concentration of the dopant 

in the starting solid targets. Phosphorus concentration was reportedly controlled in 

the ranges of 0-7%.26,53 Fukata suggests that the carrier concentration in the 

phosphorus doped material between 1-7% is on the order of 1019 cm-3.26 That same 

group reports boron doping in the range of 0.5-10% from the starting concentration 

in the targets.26  
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 As a true top-down approach, electrochemical etching starts with a doped wafer, 

which is subsequently etched to break down the bulk structure to the nanoscale. 

Once that is complete, the particles are then annealed to create nanocrystals. Any 

dopant is present in the starting wafer. Although the starting material is doped and 

the subsequent NCs still contain the dopant element, the electronic properties of 

these etched materials were found to be equivalent to the undoped intrinsic 

material.85 This was found to be due to the dopant atoms being isolated on the 

surface and being completely oxidized. Thus, the dopant elements were no longer 

electronically active as charge carriers.85  

 Ball milling begins with a doped Si wafer and is physically ball-milled until 

a fine powder appears, which contains doped nanocrystals. The phosphorus dopant 

concentration of the original doped Si wafer was 1015 cm-3, but the dopant level in 

the nanocrystals was found to be 1018 cm-3.59 It has been suggested that the 

formation energy of an impurity in a NC increases with decreasing NC size, which 

makes doping more difficult.86,87 This also helps to explain why it is easy to anneal 

the impurities away from the NC since the impurity will be less stable in smaller 

NCs. As such supports the idea of “self-purification” of NCs, and explains why 

NCs prepared from bulk material have lower dopant levels.59  

 Finally, electron beam lithography begins with a silicon-on-insulator (SOI) 

substrate, which is then implanted with the dopant at the desired impurity 

concentration. Following dopant implantation, the substrate is subjected to electron 

beam lithography to create the nanocrystals, which are uniform in size, shape, and 

inter-NC distance. Control of the dopant concentration was not described, but the 

phosphorus dopant concentration was reported at 1019 cm-3.60,61 
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 Doping post synthesis. An alternative strategy for doped nanocrystals is to 

treat with a dopant post synthesis. This approach is most likely to result in either s-

type or m-type doping; however, one exception is ion implantation.  

 Ion implantation into pre-formed NCs has been found to require a post 

implantation anneal to recover the crystallinity of the particles due to the force to 

get the dopants into the crystal structure. Gold and phosphorus doping 

concentrations were controlled with ion energy to yield gold dopant levels of 1018 - 

1019 cm-3 and phosphorus dopant levels of 1018 - 1020 cm-3 (0.0015-0.45%).62 

Shirahata reports having control of phosphorus dopant level with ion energy as 

well, but the dopant concentrations were not reported.69 It has been noted that for 

B doping a post-implant anneal was required to repair defects.45  

 As noted above, electrochemical etching results in the dopants being 

inactive even when present in the starting material; however, it is reported that P-

doping is possible after etching. Unfortunately, there is no report of the ability to 

control the concentration, although dopant levels of 1019 - 1021 cm-3 were 

reported.63 

 The addition of ligands to the surface of the preformed NC has been 

reported. For example, Si NCs were prepared through electrochemically etching 

and then functionalized with phenylacetylene (PA).76 As an alternative, NCs may 

be treated with gas which, through adsorption, acts as a dopant; the pressure of the 

gas controls the amount of gas adsorbed to the particle surface.68,88 Dopant 

concentrations were determined to be 1018 cm-3 for NH3 and 1019 cm-3 for NO2 

gases.68  

 

Characterization of Dopants in Silicon NCs 

 Elemental analysis. Inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) along with the related mass spectroscopic and optical 
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emission spectrometry methods (ICP-MS and ICP-OES, respectively) have been 

used to determine the overall elemental composition and hence dopant 

concentration.19,23,28,36,82 As with any nanoscale sample it is used strictly to 

determine if the dopant is present and in what concentrations, but cannot provide 

information on the sample uniformity (i.e., are all QDs equally doped),75 or the 

location (type) of the dopant. However, with these caveats, ICP methods can 

provide the relative level of dopant as a function of synthetic conditions.  

 Secondary ion mass spectrometry (SIMS) is routinely used for dopant 

measurements in bulk semiconductor samples,89 and its application with QDs 

offers the advantage that, depending on the sample structure, it can be used to 

determine if the dopant is present in the silicon as opposed to the insulating silica 

layers that are produced by some synthetic methods. In this way it has been used to 

determine the dopant concentration profile with depth for both boron and 

phosphorus doped materials.11,12,14,21,23,48,83 For example, Fig. I.3 and I.4 show 

SIMS data for P- and B-doped material, respectively.11,12 These data suggests that 

the dopants are in the silicon layers and not in the silica layers (i.e., c-dopants).  

 Electron energy loss spectroscopy (EELS) can show a map of elements 

present, but it will not be able to distinguish the difference between an atom on the 

surface or inside of a particle.19,27,28 Energy dispersive spectroscopy (EDS) has 

been used in a similar manner to EELS,52 and it can be used to determine dopant 

concentration.19 EDS was also used to show the presence and concentration of Er- 

and Mn-doping.64,66  

 In addition to the elemental composition X-ray photoelectron spectroscopy 

(XPS) can also be used to determine the element environment of the atoms, and as 

such provides a potential method for differentiating between c, s, and m type 

dopants. As an example, it was found that for boron-doped Si, that B-Si species 

were found (Fig. I.5) suggesting that the boron is either inside or on the surface of 
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the NCs,10,12,13,27,32,37 It was noted that while some B-O bonding was present in 

some samples it was at much lower concentrations than the B-Si species 

suggesting that the boron is concentrated within the silicon particle.13,32 It was also  

 

 
Figure I.3. SIMS data of P-doped silicon nanocrystals (Reprinted with permission from 

X. J. Hao, E. C. Cho, G. Scardera, Y. S. Shen, E. Bellet-Amalric, D. Bellet, G. Conibeer, 

and M. A. Green, Sol. Energ. Mat. Sol. Cells, 2009, 93, 1524-1530). 

 

 
Figure I.4. SIMS data of B-doped silicon nanocrystals (Reprinted with permission from 

X. J. Hao, E. C. Cho, C. Flynn, Y. S. Shen, S. C. Park, G. Conibeer, and M. A. Green, 

Sol. Energ. Mat. Sol. Cells, 2009, 93, 273-279). 

 

slight P (0.1 at%) addition but decreases with heavy P (0.35 at%)
addition. This may indicate that an optimal P concentration exists
for Si QD crystallization. This finding suggests a more complex
behavior to the accepted view that P encourages Si crystallization,
which has previously been reported for the case of an annealed
thick SRO monolayer [25–27]. With regard to the thick (!120 nm)
SRO monolayer, impurity addition improves Si crystallization for
several possible reasons: (1) precipitates formed by impurity
atoms during annealing can serve as centers of heterogeneous
nucleation of Si nanoinclusions and (2) diffusion coefficients may
be enhanced due to P addition. In the case of Si QDs formed as
multilayers in a SiO2 matrix, a possible reason for suppression in
Si crystallization for higher P concentrations is P aggregation at
the SiQD/SiO2 matrix interface, which may slow down the Si
diffusion.

3.2. Electrical properties

The resistivity of the Si QD material is an important parameter
for photovoltaic application. In bulk Si, the concentration of
dopants has a significant effect on its resistivity. Accordingly, it is

necessary to investigate the effect of phosphorus concentration on
resistivity of Si QDs formed as multilayers in a SiO2 matrix.
Samples deposited on quartz substrates were used for lateral
resistivity measurements. The SiO2 layer between adjacent Si QD
layers in all samples is around 6–7 nm, which should serve to
confine lateral carrier transport to Si QD layers. Ohmic contacts
were obtained by depositing aluminium (Al) contacts by thermal
evaporation, followed by sintering at a temperature lower than
the Al–Si eutectic temperature (500–550 1C) to allow the Al to
spike down into the film [33]. The layout of the Al contacts on a
film is shown schematically in Fig. 6. The dark current was then
measured at forward and backward voltages using a Keithley 617
electrometer. The dark resistivity is defined as

rdark ¼
Vdw

Il
(1)

where d is the thickness of the Si QD active layers, w is the length
of Al pad and l is the spacing of Al pads. As shown in Fig. 7, the
introduction of a slight amount of P (0.1 at%) leads to a significant
variation in the room-temperature dark resistivity of the films
from 108O cm for the undoped sample to 101O cm for the sample
with 0.1 at% P. The resistivity of the sample with 0.1 at% P is seven
orders of magnitude lower than that of the undoped sample. This
dramatic decrease in resistivity may indicate effective P-doping in
Si QDs. However, the resistivity of the sample with a heavier P
concentration (0.35 at%) does not decrease as much as that in the
light P concentration (0.1 at%) film. The resistivity of the sample
with P concentration of 0.35 at% is only five orders of magnitude
lower compared to the undoped sample. The abrupt resistivity
increase upon an increase in the P concentration from 0.1 at% to
0.35 at% may result from the saturation of P in the Si QDs and thus
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weighs the relative contribution of Lorentzian and Gaussian
components. In addition, the Raman intensities of each spectrum
are normalized to the same arbitrary value. Fig. 6 shows the
Raman spectra of Si QD/SiO2 multilayer films deposited with
various PB values. Also shown for comparison is the spectrum
of c-Si. Only the deconvoluted spectrum of the film corresponding
to a PB of 30 W is presented as an insert in Fig. 6. Table 1 shows the
peak downshift (Do), FWHM, Lorentzian percentage (L%) and
crystalline volume fraction (Xc). The crystalline volume fraction
has been estimated from the integrated intensities of the
amorphous and crystalline peaks Ia and Ic, respectively, as follows:

Xc ¼
Ic

Ic þ Ia
# 100% (1)

The QD size estimated from the Raman spectra is also shown in
Table 1. QD sizes were calculated from Raman shift values using
Zi’s confinement model (DZ) [28], and also from Richter’s
correlation length model (DR) [29,30]. It is worth noting that
other effects, such as tensile, compressive stresses and boron
doping, also affect the Raman shift, particularly for the QD
featured with 30–50% surface areas relative to its volume.
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shown that the relative intensity of the boron bonding environments was dependent 

on the O:Si ratio in the material; higher oxide content leads to higher levels of 

boron diffusion to the oxide layer on the surface of the particles.13 This suggests 

that there is a concentration equilibrium distribution of the boron, between the Si 

and SiO2.    

 

 
Figure I.5. XPS data that shows (a) Si 2p and (b) B 1s environments for boron doped 

silicon nanocrystals with a peak at 188 eV, indicating that there is Si-B bonding in these 

particles (Reprinted with permission from M. Xie, D. Li, L. Chen, F. Wang, X. Zhu, and 

D. Yang, Appl. Phys. Lett., 2013, 102, 123108). 

 

XPS has also been used to determine dopant concentration for phosphorus.11 XPS 

shows the presence of both P-O and P-Si species present.37,83 Unlike B-doping the there 

is generally more P-O species observed than P-Si, suggesting that phosphorus prefers the 

surface of the NC;5,37 however, with increased annealing temperature, it can be observed 

that phosphorus is better included into the nanocrystal as seen in Fig. I.6. Phosphorus and 

boron co-doped material shows that the former resides inside the particle at a higher level 

than purely P-doped material, which is also shown to be true in theory.37,90 XPS also 

shows the presence of Sb-Si species in antimony doped material.10 Co-doped Si NCs with 

P and B contain so much dopant that it is impossible that all of the dopant atoms are in 

Before the characterizations, all the films were experienced an
Ar ion bombardment etching process to remove the surface
oxide layer whose stoichiometry might change during anneal-
ing. The detailed microstructures of the samples were ana-
lyzed by transmission electron microscopy (TEM, Tecnai
F30G2). The micro-Raman scattering measurement was per-
formed at room temperature with a 514.5 nm excitation light,
whose excitation power was set at about 0.01 mW to avoid
local heating effects. The four-point probe measurement tech-
nique was adopted for measuring the resistivity of the films.

Figure 1 shows the XPS spectra of Si 2p and B 1s peaks
for the annealed intrinsic SRSO film and B-doped SRSO
films with various B concentrations. The integrated peak
area intensities under the O 1s, Si 2p, and B 1s peaks in con-
junction with atom-specific relative sensitivity factor (RSF)
of 0.780, 0.328, and 0.159 for O, Si, and B, respectively,
were used to estimate the relative elemental compositions of
the films, with the expression of

Atomic Conc:% ¼ In

RSFn

!X

i

Ii

RSFi
; (1)

where I stands for the integrated peak area intensity. From
this expression, we can obtain the Si/O atomic ratio of 0.7,
and the B concentrations of around 0.59 at. % and 5.43 at. %
for the samples B40 and B120, respectively.

The chemical bonding environment of Si and B was also
investigated by XPS. A peak at 99.5 eV due to the Si-Si bond
and a peak at 103.2 eV due to the SiO2 for the Si 2p line can
be resolved in all samples, as shown in Fig. 1(a), which cor-
respond to the Si-NC particles and the silicon oxide host ma-
trix, respectively. The presence of the B–O peak (192 eV) in
the XPS spectra of B 1s line, as shown in Fig. 1(b), suggests
that B atoms exist in silicon oxide matrix and/or in interface
between matrix and Si-NCs. And the presence of the B–B/
B–Si peak (188/187 eV) indicates that B atoms also exist in
the Si substitutional sites of Si-NCs. Meanwhile, a peak ori-
ginated from the SiB4 at 101.7 eV (Ref. 17) for the Si 2p line
becomes significant with the increase of the total B concen-
tration in the films from 0.59 at. % to 5.43 at. %. According
to the ratio of the integrated peak area intensities under the
B-O peak and B-Si peak of B 1s line, we can obtain that the
doping amount of B atoms into Si-NCs is raised from 0.26
at. % for B40 to 2.32 at. % for B120.

Figures 2(a)–2(c) show the cross-sectional TEM images
of the undoped SRSO film (B0) and the B-doped SRSO films

(B40 and B120). The embedded enlarged high resolution TEM
images clearly show the lattice fringes corresponding to (111)
planes of Si-NCs. Furthermore, a detailed analysis of the elec-
tron diffraction patterns (shown in the inset of Fig. 2(b) for an
example) indicates that the sharp rings correspond to the (111),
(220), (311) planes of Si. Elliptical-like shaped Si-NCs can be
obtained for all the samples with the post high-temperature
thermal annealing. The shape diversity of the Si-NCs becomes
more and more obvious with the increase of PB, where the tra-
peziform and trigonal shaped particles can be also obtained for
the sample of B120, as shown in Fig. 2(c). By simply consider-
ing the Si-NC particles with elliptical shape, the shape diver-
sity can be compared via the calculation of the average
eccentricity (e). The eccentricity (e) can be obtained by

e ¼ 1" B2

A2

" #1
2

; (2)

where A and B stand for the major and minor axis of the
ellipse, respectively. Larger value of e would be obtained for
smaller B/A ratio, which stands for the Si-NC particles with
more distinct deviation from a spherical shape (eccentricity
describes the shape of the ellipse, which is in between 0 and
1; when eccentricity equals to 0, it corresponds to a spherical
shape). As shown in Fig. 2(d), the average value of e is
increased significantly from #0.57 for B0 to #0.70 for B40
and to #0.74 for B120.

The evolution of the sizes, represented as the cross-
sectional area (S) of Si-NC particles with the increase of PB, is
also investigated, as shown in Fig. 2(d), where S ¼ 1

4 pAB. As
can be observed, the range of S is increased significantly with
the increase of PB from 7–80 nm2 for B0 to 9–160 nm2 and
7–330 nm2 for B40 and B120, respectively. It suggests that the
doping of B can enhance the growth of the Si-NCs through
heterogeneous nucleation.4 Since the Si/O ratio was identical
for all the samples, the density of Si-NCs is decreased
gradually from 1.4$ 1012 cm"2 for B0 to 1.1$ 1012 and
3.8$ 1011 cm"2 for B40 and B120, respectively.

Besides the evolution of the shape, the size, and the den-
sity of Si-NCs embedded in B-doped SRSO films with the
increase of PB, the slight changes in lattice spacing of Si-
NCs by the doping of B atoms was also found. Interestingly,
the lattice spacing of the (111) plane is reduced by 1.27% af-
ter the doping of B atoms, from 3.14 Å for the intrinsic Si-
NCs to 3.10 Å for the sample B120, as shown in the inset of
Figs. 2(a) and 2(c). As have been investigated by the

FIG. 1. (a) Si 2p core level XPS spectra of
B0 (the top curve), B40 (the middle
curve), and B120 (the bottom curve). (b)
B 1s core level XPS spectra of B0 (the top
curve), B40 (the middle curve), and B120
(the bottom curve).

123108-2 Xie et al. Appl. Phys. Lett. 102, 123108 (2013)
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the NC, but rather most of them are on the surface.19 Etching of these particles shows that 

this is in fact the case. 

 

 
Figure I.6. XPS data of P 2p environments of phosphorus doped nanocrystals, which 

have been annealed at different temperatures to show that the phosphorus incorporates 

into the nanocrystal better with higher temperatures: (a) as synthesized, (b) 900 °C, and 

(c) 1000 °C (Reprinted with permission from M. Perego, C. Bonafos, and M. Faniulli, 

Nanotechnology, 2010, 21, 025602). 

 

 The use of atom probe tomography (APT) for P-doped Si NCs in a SiO2 

matrix has shown that 15% of P atoms are in Si NC interstitial sites, 30% are 

trapped at the interface between Si NC and SiO2, and 55% are in the SiO2 matrix 

(Fig. I.7).18 These results supported photoluminescence (PL) quenching with 

increased P concentration by showing this trend was due to the P atoms in Si NCs 

Nanotechnology 21 (2010) 025602 M Perego et al

Figure 3. High resolution XPS spectra of the Si 2p region for the
as-deposited (a), 900 ◦C (b) and 1000 ◦C (c) annealed samples. The
results of the fitting procedure in the low binding energy region of
these spectra are magnified in the insets. The evolution upon
annealing of the different components of the spectrum is indicative of
phase separation phenomena occurred in the SiO region during
thermal treatments.

in the annealed sample exhibits no evidence of residual P
bonding with oxygen atoms within the sensitivity limits of
this technique, indicating that the P atoms are definitely
incorporated within the Si nanostructures.

In order to tune P concentration in Si nanoclusters, P-
SiO2 films with different P contents have been introduced
in samples with a single 5 nm thick SiO layer embedded in
the SiO2 matrix. In figure 6 the ToF-SIMS depth profiles
of 1000 ◦C annealed samples with P concentration in the P-
SiO2 equivalent to 0.06% (b) and 0.5% (c) are reported. The
ToF-SIMS profile of an undoped sample (a) is depicted too.
After annealing the P signals in the Si nanocluster region are
perfectly correlated with the P concentration in the P-SiO2

Figure 4. High resolution XPS spectra of the P 2p region for the
as-deposited (a), 900 ◦C (b) and 1000 ◦C (c) annealed samples. The
appearance of a new spectral line at ∼129 eV is attributed to P–Si
bonding in Si nanocrystals.

film; the higher the P content in the P-SiO2 film, the higher
the P− signals in the Si nanocluster region after annealing.
Comparing the intensity of the P− signals in these samples with
that obtained in the multilayer structure (P concentration in the
P-SiO2 equivalent to 8%) we can clearly observe that a scaling
of the P− signals over more than three orders of magnitude has
been obtained. Despite the difficulties in quantifying P content
in the Si nanoclusters using ToF-SIMS due to strong matrix
effects in the Si nanocluster region [19], our data indicate that
this approach allows a fine tuning of the P content in the Si
nanoclusters over a wide range of concentrations.

The asymmetric P diffusion and segregation in the Si-rich
region observed in our samples can be explained considering
the different P diffusivity in silicon and silicon oxide [24].
Solid-state diffusion of phosphorus through silicon dioxide is
quite slow and is strongly influenced by the annealing ambient.
In N2 atmosphere the typical diffusivity value of phosphorus in

4
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or in the SiO interfacial region are deep defect centres that appear to provide the 

most efficient and fastest path for non-radiative carrier recombination. 

 

 
Figure I.7. Radial concentration distribution of Si, O, and P (latter with error bars for 

standard deviation) for P-doped Si NCs within a SiO2 matrix as determined by atom 

probe tomography (Reprinted with permission from D. Konig, S. Gutsch, H. Gnaser, M. 

Wahl, M. Kopnarski, J. Gottlicher, R. Steininger, M. Zacharias, and D. Hiller, Sci. Rep., 

2015, 5, 09702). 

 

3D APT has also been used to determine whether the P atoms reside in the Si NCs 

or in the SiO2 matrix surrounding the NCs.51 It was found that larger NCs contain more P 

atoms: 4.5 nm Si NCs would contain ~30 P atoms, whereas 2.3 nm Si NCs would contain 

only ~3 P atoms on average.  However, there is an enhancement of P atoms at the Si 

NC/SiO2 interface. Only about 15-20% of the P atoms were incorporated into the Si NCs, 

whereas about 30% are trapped at the interface, and more than 50% reside in the 

surrounding matrix. The different solubility of P in Si and in SiO2 suggests that at low 

concentrations P prefers to stay in Si. 

 

 Spectroscopic methods. The Raman anti-Stokes shift provides element- 

and isotope-specific data for the first-next neighbours of the specific element. We 
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note that it does not provide clear information on dopant location. Furthermore, it 

does not deliver any insight into the charge state of any dopant. As such, Raman 

(and FT-IR) spectroscopies can be seen as an auxiliary means at best to 

complement more detailed measurements. However, with this caveat, Raman 

spectroscopy has been mostly used for boron doped materials due to a significant 

Fano effect;12,23,26,28,32,80,91 however, P-doping has also shown a small shift in the 

Raman spectra.80 The Fano effect observed in the boron doped material is an 

asymmetrical line shape which is due to the measurement of both 11B and 10B 

nuclei in their naturally abundant percentages (80.2% and 19.8%, respectively).92 

Because these two nuclei are not equal in abundance, their peaks are not equal in 

intensity, which causes this asymmetric Raman signal as seen in Fig. 8a and b. 

Raman has also been employed to show a change in the crystal lattice volume with 

boron concentration as seen in Fig. I.8a.12 We note that the sample in Fig. I.8 is a 

Si nanowire; however, similar, but not as clear, effects have been reported for Si 

NCs.25  

 Intrinsic silicon and doped materials where the dopants are not 

electronically active are diamagnetic and hence do not exhibit electron 

paramagnetic resonance (EPR) spectra. In contrast, EPR is suited for the detection 

of B- and P-dopants. For boron, EPR has been used to prove the existence of the 

dopant in the material,80 determine whether the boron impurities are active charge 

carriers,85 and indicate p-type material characteristics.41 For phosphorus, EPR can 

be used to prove the presence of the dopant in the material,22,23,26,35,42,47, 48,80,93,94 

determine whether the phosphorus impurities are active charge carriers,85 and 

indicate n-type material characteristics.41 EPR is much more sensitive to 

phosphorus doped material though. In this regard it has been used to show that the 

signal decreases with increasing P concentration,56 95% of the P atoms in a NC 

will diffuse to the surface of the particle regardless of the NC size,48 and P does not 
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pile up on the Si/SiO2 interface until a very long time due to P atoms being 

imbedded in substitutional sites in the Si (not interstitial).59,90 EPR is able to show 

 

 
Figure I.8. Raman data of boron doped silicon nanowires. Image (a) shows the 

Raman peak intensities changing with boron concentration, and image (b) 

illustrates the reason for the observed Fano effect in boron doped silicon particles 

(Reprinted with permission from N. Fukata, Adv. Mater., 2009, 21, 2829-2832). 

 

that for all Si NC diameters, the donor-electron concentration is at least one order 

of magnitude smaller than the atomic P density in the Si NC cores.48 For smaller Si 

NCs with high P concentrations, the measured donor-electron concentration drops 

down sharply to values three orders of magnitude below the atomic P 

concentration. Fig. I.9 and I.10 show typical EPR data of P- and B-doped silicon 
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vibrational modes of B in SiNWs, and demonstrates that B atoms
have been doped in substitutional sites of the crystalline Si core of
SiNWs during laser ablation.

The optical phonon peak observed for B-doped SiNWs also
showed a broadening toward higher wavenumbers in addition to
the asymmetric broadening towards lower wavenumbers, seen as
a result of the phonon-confinement effect. This is attributable to
the Fano effect.[12] This so-called Fano broadening is a result of
coupling between discrete optical phonons and the continuum
of interband hole excitations in degenerately doped p-type Si.[12]

As a result, the presence of free holes in p-type Si gives rise to a
characteristic change in the Raman line shapes of the optical
zone-center phonons. To confirm the Fano effect, we first checked
the dependence of the Raman measurements on the excitation
wavelength. The Raman line shapes proved to depend
significantly on the excitation wavelength, as can be seen in
Figure 2c. The optical-phonon peak showed significant broad-

ening in higher wavenumbers with increasing excitation
wavelength. The phonon peak observed at 633 nm excitation
clearly showed an antiresonance at low wavenumbers. These line
shapes are characteristic of the Fano effect, which indicates heavy
B doping in SiNWs.

To further confirm Fano broadening, the inactivation of
B acceptors by hydrogenation was investigated in B-doped
SiNWs. Hydrogen-atom treatment (HAT) using remote down-
stream methods of high-flux H atoms was performed at 180 8C
for 30min. Using this method, the specimens were placed in a
quartz tube 60 cm distant from the plasma source and
hydrogenated by only H atoms. Damage by H plasma is
completely avoided by using this remote method. When H atoms
are introduced into B-doped Si, theH atoms become located at the
bond-centered sites between B and neighboring host Si atoms,
and so-called H–B passivation centers are formed, which results
in the inactivation of B acceptors.[13,14] After HAT at 180 8C,
asymmetric broadening owing to the Fano effect decreases, which
indicates that H passivation of the B dopants has decreased the
density of free holes (Fig. 2d). The phonon peak again showed
broadening after annealing at 300 8C. This result indicates that
the recovery of free holes results in the reappearance of asym-
metric broadening. Hence, these results also prove that the
broadening toward higher wavenumbers is attributable to the

Figure 1. Representative a) scanning electron microscopy and b) high-
resolution transmission electron microscopy images of the P-doped
SiNWs synthesized by laser ablation. Scale bar in b) is 5 nm.

Figure 2. a) Raman peaks observed for SiNWs synthesized using
Si89Ni1B10 and Si98.5Ni1B0.5 targets (B-doped SiNWs) and a Si99Ni1 target
(undoped SiNWs). A 532-nm excitation light was used. b) Magnification of
the Raman peak observed for B-doped SiNWs (Si89Ni1B10). c) Dependence
of the line shapes on the excitation wavelength. d) Changes in the Raman
line shapes of the Si optical phonon observed for B-doped SiNWs before
and after HAT at 180 8C. e) Optical phonon peaks of the B-doped SiNWs
and B-implanted bulk Si (50 keV, 5! 1015 and 1! 1014 Bþ cm#2).

2830 ! 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 2829–2832
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nanocrystals.41 EPR also shows a P-doped material co-doped with antimony, 

showing a dependence of line broadening on the antimony concentration, 

suggesting that the substitutional Sb atoms influence the free electron resonance of 

the phosphorus atoms.94 EPR has also been used to characterize manganese 

dopants.66  

 

 
Figure I.9. EPR of (a) phosphorus doped silicon nanocrystals and (b) boron doped 

silicon nanocrystals (Reprinted with permission from K. Fujio, M. Fujii, K. 

Sumida, S. Hayashi, M. Fujisawa, and H. Ohta, Appl. Phys. Lett., 2008, 93, 

021920). 

 Interestingly, EPR can show injection of holes or electrons of material that 

is not actually doped but with gas adsorbed on the surface. Surface adsorption NO2 

injects holes and acts like p-type doped material. In contrast, NH3 injects electrons 

and acts like n-type doped material.68 These effects follow the classic activating 

and deactivating trends observed for these substituents. NH3 adsorption strongly 

temperatures between 4.2 and 300 K in a continuous-flow
He cryostat !ESR900, Oxford Instruments". The modulation
frequency and modulation amplitude were 100 kHz and 2 G,
respectively. A nuclear magnetic resonance Gauss meter with
10−6 G resolution was used for field monitoring. The signal
intensity was corrected with Mn2+ marker by a conventional
ESR spectrometer !JES-TE300, JEOL". PL spectra were
measured for film samples by using a single grating mono-
chromator and a liquid N2 cooled InGaAs near-IR diode ar-
ray. The spectra were calibrated with the aid of a reference
spectrum of a standard tungsten lamp. The excitation source
was a 488 nm line of an Ar ion laser.

First, we briefly summarize ESR data of P doped Si-ncs.
Figure 1!a" shows ESR spectra of P doped Si-ncs at 4.2 K.
The Si concentration is 40.5 at. % and the P concentration is
changed from 0 to 1.9 at. %. For better comparison, the
spectra are scaled by the indicated multiplication factors.
Three signals with different g values !g=2.006, 2.002, and
1.998" are observed. The signal with g=2.006 is due to dan-
gling bond defects at Si–SiO2 interfaces.3 Although the in-
tensity of this signal is very large, it vanishes quickly by P
doping. The signal with g=2.002 can be assigned to an EX
center characterized by involved hyperfine structure of 16 G
splitting.17 The signal is also observed for sputter-deposited
pure SiO2 #upper part of Fig. 1!b"$. The EX center becomes
weaker with increasing the P concentration. At high P con-
centration !1.0 and 1.9 at. %", a broad signal with g=1.998
emerges. This signal is assigned to conduction electrons in
Si-ncs.18

Figure 1!b" shows ESR spectra of B doped Si-ncs at
4.2 K. In contrast to P doping, the signal with g=2.005 due
to dangling bond defects becomes strong with increasing B

concentration. The different behavior of the defect density
between n- and p-type doping suggests that the defects are
positively charged and are deactivated by electrons supplied
by P doping. Note that this signal is not observed for sputter-
deposited pure SiO2 and B-doped SiO2 #upper part of Fig.
1!b"$, and observed only when Si-ncs are grown in glasses.

In Fig. 1!b", in contrast to P doping, signals from carriers
!holes" are not observed. However, it does not mean absence
of holes. In general, ESR signal of holes in Si is difficult to
detect because of the degeneracy of valence band maxima,
and resultant very fast spin relaxation, which broaden the
signal significantly. The signal can be detected by applying
an external uniaxial stress.19 Furthermore, in very high qual-
ity lightly doped crystals, random internal strains due to dis-
locations, imperfections, and phonons split the valence band
and hole signals are observed.20,21 In the present system, the
doping level is very high and the environment of acceptors is
expected to be very inhomogeneous due to the distributions
of the number and sites of impurities, size, and shape of
Si-ncs and strains. These inhomogeneities result in large dis-
tribution of resonant magnetic field and hole signals are con-
sidered to be too broad to be detected.

Figure 2!a" shows ESR spectra of P and B codoped Si-
ncs at 4.2 K. The P concentration is fixed at 1.9 at. %, while
the B concentration is changed from 0 to 1.36 at. %. As
mentioned above, at the B concentration of 0 at. %, i.e., P
doped samples, the broad signal is assigned to conduction
electrons. The ESR intensity depends strongly on B concen-
tration. Furthermore, the shape changes from almost sym-
metric at the B concentration of 0 at. % to asymmetric
!Dysonian shape" at 0.63 at. %, and then becomes almost
symmetric at 1.36 at. %.

In order to discuss the change of the signal shape in
detail, the intensity !I!HPP

2 " and the width !!HPP", where
I and !HPP are peak-to-peak intensity and distance !width",
respectively, are estimated. The EX center signal is sub-
tracted before estimating I and !HPP. In Figs. 2!b" and 2!c",

FIG. 1. !Color online" ESR spectra of !a" P doped and !b" B doped Si-ncs at
4.2 K. Si concentration is fixed at 40.5 at. %. P and B concentrations are
changed from 0 to 1.9 at. % and from 0.37 to 1.51 at. %, respectively. ESR
spectra of sputter-deposited SiO2 and B doped SiO2 are also shown as ref-
erences on the upper part of !b". For better comparison, the spectra are
scaled by the indicated multiplication factors.

FIG. 2. !Color online" ESR spectra of P and B codoped Si-ncs at 4.2 K. Si
and P concentrations are fixed at around 40.5 and 1.9 at. %, respectively. B
concentration is changed from 0 to 1.36 at. %. !b" ESR signal intensity and
!c" width as a function of temperature. Dotted curves in !b" are guides for
the eyes.

021920-2 Fujio et al. Appl. Phys. Lett. 93, 021920 !2008"
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affects the EPR signal with increased concentration.88 There have been several 

theoretical studies of EPR spectral effects.95,96  

 

 
Figure I.10. EPR of phosphorus doped nanocrystals (A and B) and boron doped 

nanocrystals (D and E) compared to a known doped sample (F) (Reprinted with 

permission from X. Liu, G. Xu, Y. Sui, Y. He, and X. Bao, Solid State Comm., 

2001, 119, 397-401). 

 

 Photoluminescence spectroscopy (PL) has been reported to be insensitive to 

the polarity of the solvent that the particles are in regardless of the dopant.38 There 

is an overwhelming amount of evidence that photoluminescence decreases with 

increasing boron concentration (see Fig. I.11).10,12,13,19.28,29,31-41,43,55,82,84 PL can also 

be tuned with B concentration28 and annealing temperature of the NCs.37 As 

temperature decreases, PL shifts to lower energies when B doped which 

corresponds to a red shift.29 There is also a red shift with P present,11,19,38,54,62,79,97 

as seen in Fig. I.12. The intensity of the PL peak will increase with increasing P 
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concentration up to 0.6% doped and then decreases beyond that 

concentration.11,19,31,42,54,56-58,62,82,97 It has been suggested by theoretical studies that 

P prefers the surface of the NC, which disables formation of defects which in turn 

suppresses defect-induced nonradiative events. This could explain the increase in 

PL with low levels of doping.97 For P and B co-doped material, the P doping can 

compensate for the B doping and PL can be recovered,40,43,55,93 but it still depends 

on the concentration of both dopants in the material.36 PL also shows a change 

with erbium or manganese doping.65,66 PL decreases with increasing 

concentrations of antimony or gold.10,62 

 

 
Figure I.11. Photoluminescence data for boron doped silicon nanocrystals, which shows 

the decrease in photoluminescence intensity with increasing boron concentration 

(Reprinted with permission from M. Fujii, A. Mimura, S. Hayashi, D. Kovalev, and F. 

Koch, Mat. Res. Soc. Symp. P., 2001, 638, F9.2). 

 

Dodecyl functionalized Si QDs produced under inert atmosphere conditions show 

predicted PL properties, i.e., a characteristic peak at 730 nm.98 Si QDs produced in the 

presence of any oxygen containing ligands (i.e., TOPO or dodecyl functionalized 

particles produced in air) are blue shifted at 590 and 630 nm, respectively. Acetal, alkyl, 

free electron to a higher energy state within the same valley [8]. The similarity in the 
observed spectral shape to the free electron absorption in n+-Si crystal implies that the 
observed infrared absorption is due to the intravalley transition of free electrons 
generated by P doping, i.e., free electron absorption in nc-Si. We found that the 
observed infrared absorption can be well fitted with 1.7.  This suggests that free 
electron absorption in nc-Si is assisted mainly by acoustic phonon scattering [8]. It 
should be noted here that, in the present samples, electrons generated by P doping are 
"free" only within each nc-Si, and transport of electrons between adjacent nc-Si is 
prevented by thick PSG barriers. 

The observed infrared absorption is a smooth spectral function. However, the 
intravalley transitions spectrum of an individual nanocrystal should be discrete and 
consist of a series of peaks, because the allowed energies of an electron in the 
conduction band are expected to be discrete due to the quantum confinement effects. We 
believe that the discreteness is smeared out by the distribution of the degree of the 
quantization arising from the nc-Si size and shape variations.  
 
Boron doping 
 

Figure 4 shows the PL spectra of B-doped samples at 5K. We can see that the 
effects of B doping on the PL properties are much different from those of P doping. The 
improvement of the bandedge PL by B doping is not observed; the PL intensity 
decreases monotonously with increasing CB. Furthermore, the competition of the high- 
and low-energy PL is not observed; both the peaks quench with almost the same rate. 
The monotonous quenching of the PL was observed for all the B-doped samples 
independent of the size of nc-Si contained. However, the quenching was more drastic 
for the samples containing larger nc-Si [6]. The quenching of the bandedge PL was 
accompanied by the shortening of the PL lifetime.  

DISCUSSION 
 

The observed P (B) concentration dependences of PL properties as well as optical 
absorption spectra could consistently be explained by the following model. It has been 
reported that Pb centers act as efficient nonradiative recombination centers for 
electron-hole pairs in nc-Si. At low P concentration, we observed quenching of the PL 

Figure 4. PL spectra of B-doped samples. 
B concentration dependence. CB represents 
the volume concentration of B2O3 in a 
matrix region estimated from IR absorption 
spectra.
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or aryl terminated Si QDs have PL peaks in the blue-green region of the spectrum; 

however this is red-shifted with increasing polarity of the solvent these particles were 

measured in. This study highlights the importance of surface states and the crucial role 

they play in the optical properties of Si-NCs. 

 

 
Figure I.12. Photoluminescence data of phosphorus doped silicon nanocrystals. This data 

shows the change in intensity and the peak shift with phosphorus concentration 

(Reprinted with permission from M. Fujii, A. Mimura, S. Hayashi, Y. Yamamoto, and K. 

Murakami, Phys. Rev. Lett., 2002, 89, 206805). 

 

 We note that Zacharias et al. reported a blue shift in the PL spectra for Si 

NCs within a SiO2 matrix when the size of the NC is decreased.99 The blue shift 

was found to be smaller than expected for a recombination via free exciton states, 

which is found for hydrogen passivated Si NCs. However, given that the Si NCs in 

this study were not doped it is possible some of the other PL spectral effects 

from the recombination of excitons confined in nc-Si [11].
The increase in the PL intensity was found to be due to the
termination of dangling-bond defects at Si-SiO2 inter-
faces by P doping [8,9].

The PL quenching at high P concentration range is
always accompanied by the appearance of featureless
optical absorption in the infrared region, which increases
monotonously to a longer wavelength region. This ab-
sorption can be assigned to the electron excitation within
conduction band valleys [10]. The observation of the
absorption is the direct evidence that P atoms are doped
into substitutional sites of nc-Si and electrons are sup-
plied to conduction bands. In the inset in Fig. 1, the PL
intensity and the absorption coefficient at 4 !m are plot-
ted as a function of P concentration. For the sample
without P doping, the absorption coefficient is nearly
zero, because the detecting energy is far below the band
gap of nc-Si. On the other hand, at the P concentration
where the PL intensity just exceeds the maximum
(0.4 mol %), the infrared absorption starts to appear.
With increasing P concentration, i.e., with decreasing
PL intensity, the absorption becomes stronger. If an elec-
tron is supplied in a nanocrystal, a three-body Auger
recombination process among the electron and a photo-
excited exciton becomes possible. Since the Auger recom-
bination time is several orders of magnitude shorter than

the exciton radiative recombination time [3], PL effi-
ciency of the nanocrystal is significantly reduced.

In actual samples, both doped and undoped nc-Si coex-
ist and the ratio depends on P concentration. For example,
for the sample with the P concentration of 0.8 mol %, the
PL intensity is about half of the maximum intensity,
suggesting that half of nc-Si are still intrinsic, and others
are P doped. With further increasing P concentration, PL
is almost completely quenched (e.g., 1.2 mol %), indicat-
ing that almost all nc-Si have P donors.

Figure 2 shows X-band ESR spectra obtained at 40 K.
Two sharp ESR signals with g ! 2:006 and 2.002 are due
to dangling-bond defects at Si-SiO2 interfaces [9]. By P
doping, these signals become weaker. The behavior of
these signals has been discussed in detail in our previous
papers [9,10]. At the P concentration of 0.4 mol %, broad
features appear at the magnetic fields of 3180, 3225, and
3270 G. The broad features are observed at temperatures
lower than about 100 K. The g value of the central signal
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reported for doped Si NCs are in fact due to the oxide passivation instead of the 

dopant.  

 Another issue to be considered when looking at PL results for Si NCs 

within a SiO2 matrix is the change in band gap versus valence band as a function 

of particle size. It has been reported that for un-doped Si NCs while the position of 

the valence band moves to lower energies with decreasing particle size (as 

expected in a quantum confinement model), the total band gap increases along 

with PL blue shift as particle size decreases.100 This latter effect is due to a change 

in the occupied electronic states within the Si core and is incompatible with a 

simple quantum confinement model.   

 For B-doping, Fourier transform infrared spectroscopy (FTIR) analysis is 

used to determine the dopant concentration by comparing the intensity ratio of Si-

O with B-O vibration modes,19,29,31,34,42,54,55,58 as seen in Fig. I.13. FTIR can also be 

used to simply tell whether boron is present in a sample.91 It can also show that 

boron binding is dependent on O/Si ratio because higher oxide content leads to 

boron diffusion to the oxide layer, which would make the B-O vibrational mode 

stronger.13,90 Broadband FTIR can also be used for P-doped samples since the 

intensity increases with increasing phosphorus content then decreases with more 

phosphorus.43,54,55 The absorption is not from the phosphosilicate glass, but it is 

instead a result of scattered acoustic phonons.54 It is also possible to use FTIR to 

show the compensation of carriers with varied concentrations of phosphorus and 

boron when co-doped.43 FTIR has also been used to determine if phenylacetylene 

ligands were situated on the surface of a set of NCs,76 and in a similar manner to 

prove that NH3 or NO2 gases were adsorbed onto the NCs.68,88  

 FT-IR has also been used to investigate the hypervalent surface interactions 

in Cl terminated Si NCs.101 Chlorine-terminated Si surfaces are polarizable which 

creates a Lewis acid at the surface interface of the particle, which makes it capable 
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of pentavalent and hexavalent bonding. It was found that if there is a Lewis basic 

solvent present (such as oxygen donors like DMSO, or nitrogen donors like 

pyridine), the solvent donates electron density to the Lewis acidic surface of the 

NC, which leads to a surface doping effect. This is completely reversible with 

solvent evaporation. Ketones, aldehydes, and nitriles are particularly good at this 

due to their HOMOs being near the same energy as the LUMO of the Si NCs.  

 

 
Figure I.13. FTIR data of boron doped silicon nanocrystals with B-O and Si-O 

vibrational modes (Reprinted with permission from H. Sugimoto, M. Fujii, K. Imakita, S. 

Hayashi, and K. Akamatsu, J. Phys. Chem. C, 2012, 116, 17969-17974). 

 

 Localized surface plasmon resonance (LSPR) of doped Si NCs has been 

employed to determine a range of electrically relevant properties, e.g., carrier 

mobility and dopant activation efficiency (Fig. I.14).24 Using LSPR, it was 

calculated that hole mobility from B doping decreases with increase in B 

concentration while electron mobility from P doping increases with increase in P 

concentration. The authors concluded that the carrier transport in a film of Si NCs 

is limited by the tunnelling between neighbouring Si NCs.24  

 

from the intensity ratio of Si−O and B−O vibration modes in
IR absorption spectra.21−23,27 The photographs of the solutions
after removing precipitates by centrifugation are shown. The
color of the solution depends strongly on sample preparation
parameters. Note that the amount of Si-NC-doped BPSG films
dissolved in HF is the same for all the samples. Therefore, a
dense color implies that a large fraction of Si-NCs are dispersed
in solution. On the other hand, a light color means that a
majority of Si-NCs are precipitated and removed by
centrifugation. Below the photographs in Figure 4, the amounts
of Si-NCs in the solutions obtained by inductively coupled
plasma atomic emission spectrometry (ICP-AES) measure-
ments are shown. In undoped Si-NCs (sample H), the solution
is colorless and Si is not detected in ICP-AES. Therefore,
undoped Si-NCs are not dispersed in polar liquids. This is
consistent with previous reports.8,11,28 Similarly, in P (sample
G) and B (sample I) singly doped samples, Si is not detected in
ICP-AES and the solutions are colorless. In contrast to these
samples, P and B codoped samples (samples A−F) are

brownish. The color becomes dense and the amount of Si in
solution increases with increasing P and B concentrations. In
the darkest solution (sample D), the Si concentration is 453
μg/mL. It should be stressed here that, even in the darkest
solution, optical transmittance in the transparent wavelength of
the Si crystal is larger than 95%, and thus, the dense color is not
due to light scattering, but absorption. Figure 4 clearly
demonstrates that codoping of P and B is essential to achieving
high solution dispersibility.
In Figure 4, P and B concentrations in colloidal Si-NCs

obtained by ICP-AES measurements are also shown below the
photographs. We can see that the P and B concentrations,
especially the B concentrations, are very high. They are much
higher than those in Si-rich BPSG films before etching (see
abscissa and ordinate in Figure 4). The difference in the P and
B concentrations between Si-NCs in solution and Si-rich BPSG
films before etching indicates that P and B atoms are
accumulated in or on the surface of Si-NCs during the growth
of Si-NCs by annealing. The P and B concentrations in
colloidal Si-NCs are also much higher than the solid solubility
limits of P and B in the bulk Si crystal.29 Doping of such a high
amount of impurities in substitutional sites of Si-NCs is
energetically not favorable.30,31 Therefore, a majority of
impurity atoms are considered to be accumulated on the
surface of Si-NCs, and only a fraction of them are doped in the
substitutional sites.
To confirm that B and P are simultaneously doped in all Si-

NCs, we compare Z-contrast high-angle annular dark-field
(HAADF) images and electron energy loss spectroscopy
(EELS) mappings by scanning TEM (Hitachi, HD2700).
Figure 5a shows a HAADF image of sample C. White spots are

Si-NCs. Figure 5b,c shows EELS mapping images of P and B in
the same region. We can see that the three images coincide
perfectly. The perfect coincidence can be seen in all particles.
This confirms that very high P and B concentrations in
solutions obtained by ICP-AES measurements are not due to
the formation of B and P clusters in solutions but are due to
simultaneous doping of very large amounts of B and P in or on
the surface of Si-NCs.
In Figure 4, ζ-potentials of the solutions are also shown. The

ζ-potentials are around −20 mV for samples A−C, E, and F,
and around −30 mV for sample D. The surface of codoped Si-
NCs is thus negatively charged, and the electrostatic repulsion
between Si-NCs is the origin of the high dispersibility in
methanol. The similar values of the ζ-potentials in samples A−
C, E, and F suggest that the surface structure of Si-NCs
dispersible in solution is similar, irrespective of the P and B
concentrations in Si-rich BPSG films before etching, and only
the amount of Si-NCs satisfying a specific condition for high
solution dispersibility is different depending on preparation
parameters. The reason that sample D has about a 50% larger ζ-

Figure 3. IR absorption spectrum of codoped colloidal Si-NCs.

Figure 4. Photographs of the solutions after removing precipitates by
centrifugation. The abscissa and ordinate are B and P concentrations,
respectively, in as-deposited Si-rich BPSG films. The numbers below
the pictures are the amounts of Si in the solution, P and B
concentrations in Si-NCs, and the ζ-potentials.

Figure 5. (a) HAADF STEM image of codoped Si-NCs. EELS
mapping of (b) P and (c) B. All images are taken at the same position.

The Journal of Physical Chemistry C Article
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 Electronic property measurements. In a traditional doped bulk 

semiconductor the classification as either p-type or n-type is a function of the 

particular dopant and its physical position, i.e., site, vacancy, etc. Therefore, it is  

 

 
Figure I.14. (a) Fitting of the LSPR-induced absorption for Si NCs doped with 31% B 

and that for Si NCs doped with 18% P. (b) Carrier mobility (µ) of each doped Si-NC 

sample obtained by fitting the LSPR-induced absorption peak. The black line gives µ ∝ 

Nd
-1 , while the red line gives µ ∝ Nd

0.1, where Nd is the dopant concentration. (c) Bulk 

plasma frequency (ωp) versus dopant concentration (Nd). The solid lines represent the 

fitting by using ωp = [Ndηe2/(m*ε0)]1/2. The values of dopant activation efficiency (η) 

obtained from the fitting are indicated (Reprinted with permission from S. Zhou, X. Pi, Z. 

Ni, Y. Ding, Y. Jiang, C. Jin, C. Delerue, D. Yang, and T. Nozaki, ACS Nano, 2015, 9, 

378-386). 



27 

important to not only determine the quantity and location of a dopant element but 

what the result is electronically.  

 The Kelvin probe method is used to determine the dopant type of a material. 

In the experiment, a negative bias is placed across the AFM tip, and if there is a 

measureable potential difference, it means that an electron is injected in the 

conduction band, suggesting a p-type material, as is observed with boron as the 

dopant.77 A positive bias with a measureable potential difference means that the 

electron is extracted from the conduction band, which suggests n-type material as 

observed when phosphorus is the dopant.46,77  

 The Hall effect can be used to measure hole densities and also determine if 

a material is p-type or n-type. Boron doped materials have been determined to be 

p-type, and antimony doped material is determined to be n-type with this method.10  

 Electron probe microanalysis (EPMA) is used to determine dopant 

concentrations.28,31,35,54-58 So far it has been almost exclusively used for P-doped 

material, although there has been one report of using the technique with B-doped 

samples.28  

 There have been few reports of using thermopower as an analytical method 

to characterize doped silicon NCs. One group reports determining dopant 

concentrations of boron or phosphorus doping with this technique.22 While another 

group used the data to show that boron or phosphorus dopants are present in the 

material due to differences in thermopower from the un-doped material.30 Fig. I.15 

shows thermopower data of different dopants and dopant concentrations. The sign 

of the signal from Seebeck microscopy flips when you shift from p-type to n-type 

doped material to show the gradient of a p-n junction.81  

Overall, any level of any dopant in a material will raise the conductivity and 

lower the resistivity of the intrinsic material. Fig. I.16 shows improved conductivity over 

the un-doped material regardless of the dopant element.23 
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 Current density (J) versus electric field (E) measurement have been made of 

P-doped Si NC/SiO2 superlattices.50 Somewhat surprisingly, despite the majority 

of the P being within the NCs, only a small part of the incorporated P atoms 

provided carriers for electronic transport. The conclusion was that in this system, 

unusually high dopant concentrations (beyond the solubility limit) were required to 

achieve any reasonable carrier concentration.50  

 

 
Figure I.15. Thermopower data of varying concentrations of boron or phosphorus doping 

in silicon nanocrystals. This data illustrates the difference in the sign of the signal and 

intensity of thermopower with dopant and dopant concentration (Reprinted with 

permission from R. Lechner, H. Wiggers, A. Ebbers, J. Steiger, M. S. Brandt, and M. 

Stutzmann, Phys. Stat. Sol. (RRL), 2007, 1, 262-264). 

 

 It has been possible through the fabrication of field effect transistor (FET) 

structures using cast films of Si NCs to measure the electrical effects of various 

dopants (Fig. I.17a).102 For these devices the threshold voltage of Si NC FETs was 

found to be strongly dependent on dopant concentration and type (Fig. I.17b), 
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Figure 1 (online colour at: www.pss-rapid.com) Thermopower 

values of laser annealed layers of spin-coated Si ncs as a function 

of the highest laser energy density. The applied temperature dif-

ference was 320 K under ambient conditions. The lines are 

guides-to-the-eye. 

 

tion of 6 wt% and ball-milled to break up soft agglomer-

ates and to obtain homogeneous Si dispersions. Smooth 

films with a typical thickness of 0.7 µm were then spin-

coated onto polyimide substrates (Kapton
®

, DuPont
TM

). 

To remove the natural oxide shells from the ncs, the 

layers were etched in dilute HF, followed by rinsing with 

DI water and dry-blowing with nitrogen. Then, ten laser 

pulses with a frequency doubled Nd:YAG laser at 532 nm 

of increasing energy at a repetition rate of 1 s
–1

 under am-

bient conditions were applied to induce sintering of the ncs. 

The highest pulse energy density used within the respec-

tive annealing sequence of each sample will be used in the 

following as the relevant annealing parameter.   

Electrical contacts were formed by thermal evaporation 

of aluminum or gold through shadow masks onto the indi-

vidual samples, which were 5 × 5 mm
2

 in size. The van-

der-Pauw contact geometry was chosen to determine the 

electrical conductivity. Thermopower measurements were 

performed under a fixed thermal gradient of 320 K over a 

distance of 2 mm at a mean temperature of 460 K under 

ambient atmosphere. Additional measurements in a dedi-

cated setup, which allows for variable thermal gradients 

and mean temperatures between 80 K and 800 K, showed 

identical thermoelectric performance of the laser-sintered 

films in vacuum (10
–6

 mbar).  

 

3 Results and discussion Figure 1 shows the  

thermopower values for several boron and phosphorus 

doped layers as a function of the highest laser energy den-

sity used during the annealing step. The respective doping 

concentrations of the samples were 10
19

 cm
–3

 and 10
21

 cm
–3

  

for the boron doped samples and 3 × 10
18

 cm
–3

 and  

3 × 10
19

 cm
–3

 for the phosphorus doped samples, respec-

tively. For all samples, it is apparent that a threshold pulse 

energy density exists, below which no change in the de-

tectable  thermopower  can be found compared to an un- 
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Figure 2 Absolute values of the thermopower as a function of 

the doping concentration. The samples were laser annealed at an 

energy density of 100 mJ/cm
2

 and were investigated with a tem-

perature difference of 320 K applied under ambient conditions. 

The dotted line is a guide-to-the-eye. 

 

 

treated reference sample. This threshold engergy is around 

60 mJ/cm
2

. At the same threshold energy, we observe also 

a strong increase in the macroscopic electrical conductivity 

within the layers. Typical dc room temperature conductivi-

ties observed in laser treated films beyond the threshold 

mentioned above are in the range of 10
–8

–10
–7

 Ω
–1

 cm
–1

 

for moderate doping levels and 10
–3

–10 Ω
–1

 cm
–1

 for high 

doping concentrations [13]. 

Furthermore, above the threshold energy the ther-

mopower saturates at a rather constant level, which only 

varies with the doping level of the samples. If the laser 

pulse energy density exceeds values of 180 mJ/cm
2

, the 

macroscopic film quality suffers and the measured values 

of the thermopower decrease again. Thus, in the following 

we will focus on samples in the optimum laser annealing 

domain around 100 mJ/cm
2

.We observe a positive sign of 

the thermopower for the boron doped layers and a negative 

sign in the case of phosphorus doping. Samples from an-

nealed undoped Si ncs showed no observable thermopower 

in corresponding measurements.  

Since the absolute thermopower strongly depends on 

the doping of the individual samples, Fig. 2 displays the 

correlation between the doping concentration and the 

thermopower. Both, data from phosphorus as well as from 

boron doped samples fall on the same curve which is high-

lighted by the dotted line. The shape of this curve exhibits 

a distinct and sharp asymmetric maximum around a doping 

concentration of 10
19

 cm
–3

. The observed maximum ther-

mopower value of 95 mV translates into a Seebeck coeffi-

cient S of 0.3 mV/K for the applied temperature difference 

of 320 K. While there is an abrupt decrease of the ther-

mopower for lower doping levels, the thermopower de-

creases logarithmically for higher doping concentrations. 

The latter trend can be understood as a consequence of the 

expected dependence of the Seebeck coefficient  S on the 
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consistent with changes in the Fermi level of Si NC thin films caused by dopant 

activation with an efficiency of 10-2-10-4 of the precursor concentration. 

Furthermore, large NCs were found to exhibit a continuum between intrinsic and 

degenerate doping, while small NCs showed a sharp transition to degenerate 

doping, suggesting that the wave functions of NCs are still discrete.  

 

 
Figure I.16. Conductivity data of different dopants in silicon nanocrystals, which 

shows improvement over undoped material regardless of the doping element 

(Reprinted with permission from R. Lechner, A. R. Stegner, R. N. Pereira, R. 

Dietmueller, M. S. Brandt, A. Ebbers, M. Trocha, H. Wiggers, and M. Stutzmann, 

J. Appl. Phys., 2008, 104, 053701). 

  

Conclusions 

 Although there has been substantial research in doping silicon elements, 

there is room for improvement in the understanding of the type of doping sites 

produced (especially c- versus s-type) and the control over the resulting electronic 

properties. Solution synthesis methods are generally only used when discussing the 

annealed film of 5!1020 cm−3, which is consistent with the
nominal B concentration !1021 cm−3". The local modes are
also included in the fit. Allowing for the generally weaker
Fano effect in the case of n-type doping, still the carrier
concentration of the P-doped layer derived from the fit is
only about 3!1019 cm−3, i.e., more than an order of mag-
nitude lower than the nominal doping level !5!1020 cm−3".
P-doped Si nc films thus show a significantly different dop-
ing behavior, with a much smaller electrical activity of the P
dopants. Sections D and F will demonstrate, however, that P
is also incorporated substitutionally in the Si ncs.

C. Electrical conductivity

The electrical conductivity of undoped, B-doped, and
P-doped laser annealed samples as a function of the laser
pulse energy density is shown in Fig. 4!a". After laser anneal-
ing at 100 mJ cm−2, the conductivity of the undoped sample
increases from 10−10 to 5!10−8 "−1 cm−1 !squares". A
much stronger conductivity increase by up to nine orders of
magnitude upon laser annealing can be achieved for doped
ncs, as indicated by the full !B" and open !P" circles, respec-
tively. Obviously, there is a characteristic threshold value for
the laser pulse energy, leading to percolating lateral transport
paths through the nc network at around 50 mJ cm−2. This

value is closely related to the structural changes occurring in
this energy density range as shown by the SEM images in
Fig. 1. While sintering already enhances the percolation of
carriers through the Si nc network for low annealing energy
densities, above this threshold density also lateral melting
takes place, enabling efficient lateral transport through the
layers. Because energy densities higher than 140 mJ cm−2

can cause partial destruction of the sample, we usually
achieve the highest conductivities in an energy density range
of 100–120 mJ cm−2.

Figure 4!b" shows the electrical conductivity of a series
of samples before !squares" and after laser annealing at
100–120 mJ cm−2 !circles" as a function of the doping con-
centration. Here, full and open symbols refer to B and P
doping, respectively. After laser annealing of weakly doped
and intrinsic samples, the conductivity does not depend on
the doping concentration. For high doping concentrations,
the conductivity shows a steep increase at a critical doping
concentrations of about 1019 cm−3 for B and 2!1020 cm−3

for P. For even higher B concentrations, the conductivity
then increases linearly with the doping concentration as
would be expected in the case of constant carrier mobility.
For the as-deposited samples the doping is also ineffective
up to a similar critical concentration; for higher doping con-
centrations only some unannealed samples show a significant
increase in the conductivity. The presence of such a critical
doping concentration can be explained by compensation of
the shallow dopants by deep trap states in the samples. In
this approach, the difference of the critical concentrations for
B- and P-doped Si ncs can either be due to a different trap
density or to a different electrical activity of the dopants as
already indicated in Fig. 3!c". In the following, we refer to
electrically active dopants, as all substitutional B or P atoms
which give rise to a shallow level, even if the dopant is
compensated by a deep defect.

D. Paramagnetic defects

To characterize the paramagnetic defects !spins" present
in the as-deposited and laser annealed films, we have per-
formed EPR measurements. We typically observe a single
line with a g factor of g=2.005#0.001, which is character-
istic for Si dangling bond defects !dbds" in a disordered
environment.10,29 Additionally, P incorporated on substitu-
tional lattice sites can be seen in EPR measurements at 5–20
K for P-doped layers.10,30 Consistent with the Raman data in
Fig. 3!c", also in EPR the electrically active amount of P
found is significantly smaller than the nominal doping con-
centration by a factor of 20–50.

Because their − /0 and 0 /+ energetic levels are close to
midgap, dbds in Si can act as charge traps for both holes and
electrons. The amount of dbds detected in as-deposited un-
doped and doped layers is about 3!1019 cm−3, which is
significantly more than in the primary Si nc powder, where
we typically observe a concentration of 3!1018 cm−3.30

Thus, the applied ball milling dispersion method introduces
additional defects in the material, causing an increase by
about one order of magnitude. These defects might, e.g.,
stem from a low quality oxide formed on freshly exposed

Ω
Ω

FIG. 4. !a" Electrical conductivity of undoped, B-doped, and P-doped layers
of Si ncs as a function of the laser energy density. !b" Electrical conductivity
of B- and P-doped layers of Si ncs before and after laser annealing at
100–120 mJ cm−2 as a function of the doping concentration. The lines are
guides for the eyes. The dotted line corresponds to the dashed line shifted to
higher doping concentrations by a factor of 20.
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influence of ligands on the surface of an intrinsic Si NC or adsorption of gases on 

the surface to act as dopants (s-type), and at this time there is only one example 

with proven c-type doping.52 Post synthesis doping has received very little 

attention, which is in contrast to efforts on compound semiconductors.103  

 

 
Figure I.17. (a) Si NC device structure and (b) threshold voltage (VT) summary as 

a function of nominal doping concentration (Reprinted with permission from R. 

Gresback, N. J. Kramer, Y. Ding, T. Chen, U. R. Kortshagen, and T. Nozaki, ACS 

Nano, 2014, 8, 5650-5656). 

 

 Based upon the forgoing there are several areas that will benefit from future 

research: 1) it is important to determine what the inherent doping of NCs are as a 

function of synthetic methods, this is particularly true for solution routes; 2) where 

dopants are present within the crystal lattice (c-type) is the distribution between 

individual NCs uniform, and if not does this matter with regard to device 
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performance; 3) if doping occurs with matrix (m-type) what levels and distribution 

is needed to provide effective doping?  

 Finally, it is worth noting that while extensive studies on silicon NCs have 

been reported, there is only a few studies on their germanium analogues,104-108 and 

there is insufficient work to determine whether similar approaches can be applied. 

However, this represents an interesting area of future research.  
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Chapter 1 

Modified Stöber Particle Synthesis 

 
Portions of this chapter are included in H. Rutledge, B. L. Oliva-Chatelain, S. J. Maguire-

Boyle, D. L. Flood, and A. R. Barron, Mater. Sci. Semicond. Proc., 2014, 2013, 17, 7-12. 

A reprint can be found in Appendix B.  

 

Introduction 

  Solar energy represents a potential alternative clean energy generation source. 

Unfortunately, it is presently unable to compete with traditional hydrocarbon combustion 

in terms of cost per kW/hour. If solar is to compete (in the absence of government 

subsidies), it must either have a lower cost or higher efficiencies than those currently 

available. Efforts are ongoing to create low cost solar cells.1-4 On the other hand, one 

method of improving solar cell efficiency is through the creation of tandem cells, which 

have multiple p-n junctions allowing the absorption of many wavelengths of light.5,6 The 

majority of tandem cell designs are based upon III-V semiconductor cells;7 however, 

Green and co-workers proposed a unique approach to the inclusion of a tandem layer into 

first generation silicon solar technology,8-10 by the inclusion of an array of semiconductor 

quantum dots coated within an insulating material as seen in Figure 1.1. The major 

drawback with this structure is that the fabrication on a large scale is difficult, in 

particular the control over the QD size and the QD…QD distance.8-10 In seeking an 

alternative approach, we have recently proposed that if a suitable silicon or germanium 

QD were coated with a uniform coating of silica (i.e., Si@SiO2 or Ge@SiO2), then 

arraying the resulting spheres would result in a QD…QD distance defined by the coating 

thickness (Figure 1.2).11,12 
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Figure 1.1. Schematic of a tandem solar cell using a first generation silicon solar cell and 

a cell comprised of silicon quantum dots in a silica matrix (Adapted from E.-C. Cho, M. 

A. Green, G. Conibeer, D. Song, Y.-H. Cho, G. Scardera, S. Huang, S. Park, X. J. Hao, 

Y. Huang, and L. V. Dao, Adv. OptoElectron., 2007, 69578, 1). 

 

 

 

Figure 1.2. Schematic representation of a bottom-up approach to Ge QD arrays (Adapted 

from H. Rutledge, B. L. Oliva-Chatelain, S. J. Maguire-Boyle, D. L. Flood, and A. R. 

Barron, Mater. Sci. Semicond. Proc., 2014, 17, 7). 

 

 Our initial attempts involved the coating of hydrophilic Si or Ge QDs with silica 

using liquid phase deposition (LPD).  Unfortunately, while some silica particles were 

Ge QD Coat with SiO2  Array on wafer 

~ 10 nm 
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prepared with a single QD inside (e.g., Ge@SiO2), others showed evidence for multiple 

QDs per silica sphere, i.e., Gex@SiO2.6,11,12 Furthermore, while films of both Si@SiO2 

and Ge@SiO2 showed good photocurrent indicating a sufficient number of QD…QD 

distances were within the 10 nm required for electron transfer to be possible,8-12 

transmission electron microscopy (TEM) analysis suggested that these were not a 

majority. A second issue involved the hydrofluoric acid waste produced during the LPD 

process using hexafluorosilicic acid as the silica precursor.13 Yet another issue with this 

process is that there is considerable Ostwald ripening over time, which leads to 

inconsistent particle size and QD…QD distances. What is needed is a method that can 

reproducibly create individual Si or Ge QDs within single silica particles of a suitable 

diameter such that thin films will maximize the fraction of QD…QD distances that are 

within the 10 nm limit. 

 In 1968, Werner Stöber published a method of creating spherical, mono-dispersed 

silica nanoparticles ranging in size from 50 nm to 2 µm.14 Although mono-dispersed 

particles are produced using this original method, they cannot be synthesized with small 

enough diameters for our present application. However, Yokoi et al. have reported that by 

catalyzing the hydrolysis reaction used to make the silica particles with a bulkier organic 

base such as L-lysine, mono-dispersed silica nanoparticles as small as 12 nm have been 

reported.15,16 Based upon this result, we propose that germanium QDs can be coated with 

a thin layer of silica by using the modified Stöber method with a bulky base and using the 

germanium quantum dots as seeds. 

 

Results and Discussion 

While the original design of a tandem cell layer by Green and co-workers used Si 

QDs within a silica matrix due to the method of manufacture,8-10 Ge QDs are ideal for 

laboratory experiments because they can be easily produced with inexpensive, clean 

materials, and their quantum confinement is relatively large (11.5 nm), this making their 
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production easier than quantum dots with smaller Bohr radii, such as silicon.17 They also 

are distinguishable from silica in TEM images, unlike silicon quantum dots.11,12  

The particles produced using the unmodified Stöber method were analyzed by 

TEM. A representative example is shown in Figure 1.3, showing that while the reaction 

produced spherical nanoparticles incorporating the Ge QDs, they appear to be coating the 

outside of the SiO2 particle rather than incorporated within the nanoparticle as intended 

(i.e., compare Figure 1.3 with the ideal structure shown schematically in Figure 1.2).  

 

 

Figure 1.3. TEM image of non-uniform Ge QD - SiO2 composite particles showing the 

location of the Ge QDs on the surface of the Stöber particles (Reprinted with permission 

from H. Rutledge, B. L. Oliva-Chatelain, S. J. Maguire-Boyle, D. L. Flood, and A. R. 

Barron, Mater. Sci. Semicond. Proc., 2014, 17, 7). 
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Furthermore, these particles are not mono-dispersed, unlike the typical Stöber particles as 

seen in Figure 1.4. This result suggests that the QDs did not seed the formation of the 

silica nanoparticles. Since these do not meet out requirements, no further analysis of 

these particles was conducted. 

 

 

Figure 1.4. TEM image of SiO2 particles prepared by the unmodified Stöber method 

without QDs (Reprinted with permission from H. Rutledge, B. L. Oliva-Chatelain, S. J. 

Maguire-Boyle, D. L. Flood, and A. R. Barron, Mater. Sci. Semicond. Proc., 2014, 17, 7). 

 

In the case of the Ge QDs coated by the modified Stöber method in the presence 

of L-lysine, the as prepared samples were analyzed with XPS. The high resolution Si 2p 

and Ge 3d spectra (Figure 1.5 a and b, respectively) confirmed the presence of Si-O 

bonding environment (102 eV), SiO2 (104 eV), elemental Ge (27.5 eV), and oxidized 

germanium, GeO2 (29 eV).11,12,18 A summary of these peaks can be seen in Table 1.1.  
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Figure 1.5. High resolution (a) Si 2p and (b) Ge 3d XPS spectra of Ge@SiO2 

nanoparticles (Reprinted with permission from H. Rutledge, B. L. Oliva-Chatelain, S. J. 

Maguire-Boyle, D. L. Flood, and A. R. Barron, Mater. Sci. Semicond. Proc., 2014, 17, 7). 

 

The presence of germanium peaks is evidence that the particles were either adhered to the 

surface or imbedded within the silica. If they had not bonded with (or become imbedded 
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within) the silica particles, they would not be present post washing in the XPS analysis 

due to their hydrophilic nature. 

 

Table 1.1. XPS peak energy identification. 
 

Peak Identification 

Si 2p - 104 eV 

Si 2p - 102 eV 

Ge 3d – 27.5 eV 

Ge 3d - 29 eV 

O 2s - 25.7 eV 

SiO2 

Si-O 

Ge 

GeO2 

SiO2
19 

 

TEM analysis confirms that the QDs are actually coated with, not just on the 

surface of, the silica (Figure 1.6 a and b). However, we note that not all of the particles 

are ideal core shell (Figure 1.7) and some show the presence of a single Ge QD at the 

edge of a SiO2 particle. However, the important observation is that the Ge QDs are 

uniformly dispersed throughout the film rather than aggregated on the surface of SiO2 

particles as seen in Figure 1.3. From the TEM images, it is possible to determine the 

nearest neighbor QD…QD distances within the films. The distribution for the Ge@SiO2 

particles produced with stirring for 12 and 24 h is shown in Figure 1.8a and b, 

respectively. From this data, an average distance of 9.0 nm and 10.3 nm is calculated, 

showing the ability to control the QD…QD distance through reaction time. As may be 

expected with increased reaction time, and increased particle size, the standard deviation  
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Figure 1.6. Representative TEM images of Ge@SiO2 prepared with (a) 12 h and (b) 24 h 

reactions (Reprinted with permission from H. Rutledge, B. L. Oliva-Chatelain, S. J. 

Maguire-Boyle, D. L. Flood, and A. R. Barron, Mater. Sci. Semicond. Proc., 2014, 17, 7). 
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of the QD…QD distance also increases from 2.6 nm to 3.4 nm. Irrespective of reaction 

time; however, the majority of the QDs are close enough to neighbors to allow electron 

transport.8-10 It is also important that the particles have a small size distribution so that 

they will array with minimal defects. In this regard, the particles are spherical and mono-

dispersed. It is interesting to note, however, that with longer reaction times the average 

particle size for the silica is smaller (see Figure 1.9). This suggests that with increased 

reaction times again of the silica particles occurs. 

 

 

Figure 1.7. Theoretical schematic of a core shell silica coated germanium quantum dot. 

 

The differences between the particles formed by the modified Stöber method in 

the presence of L-lysine (Figure 1.6) and those produced when using the unmodified 

Stöber process (Figure 1.3) indicate that the particles are forming by different growth 

mechanisms. It is commonly thought that Stöber particles begin through a nucleation 

process.20 In the case of the less bulky base, ammonia, the nucleation is less hindered, 

perhaps not allowing the quantum dots to act as seeds. When using L-lysine, the 

germanium quantum dots were able to act as seeds, possibly due to the nucleation process 

being more hindered. 
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Figure 1.8. Distance between adjacent Ge QDs for films deposited of Ge@SiO2 particles 

prepared with (a) 12 h and (b) 24 h reaction times (Reprinted with permission from H. 

Rutledge, B. L. Oliva-Chatelain, S. J. Maguire-Boyle, D. L. Flood, and A. R. Barron, 

Mater. Sci. Semicond. Proc., 2014, 17, 7). 

 

Photoconductivity testing was performed on Ge@SiO2 films from samples 

prepared for 24 h. These thin films were grown from an aqueous suspension on ITO glass 

instead of quartz.11,12 UV-visible absorbance measurements compared to ITO glass 

confirmed the presence of the appropriate film. The photoconductivity of the solar cell 

was tested with white light. As may be expected from the simple test set-up, as seen in 
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Figure 1.10, and potential variability of the packing of the particles, the results were only 

obtained on certain areas of the cell. With white light, the Ge@SiO2 cell showed areas of 

photoconductivity as measures by a 6.3 mV change in potential, which equals 6.3 mA of 

photo-current. This is significantly higher (2 mA) than our previous results for Ge@SiO2 

films prepared using the LPD method, which is consistent with closer (and more 

consistent) spacing of the Ge QDs (see Figure 1.8). 

 
 

 

 
Figure 1.9. Particle sizes of the SiO2 Stöber particles Ge@SiO2 particles prepared with 

(a) 12 h and (b) 24 h reaction times (Reprinted with permission from H. Rutledge, B. L. 

Oliva-Chatelain, S. J. Maguire-Boyle, D. L. Flood, and A. R. Barron, Mater. Sci. 

Semicond. Proc., 2014, 17, 7). 
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Figure 1.10. Schematic of the photoconductivity test (Reprinted with permission from B. 

L. Oliva and A. R. Barron, Mater. Sci. Semicond. Proc., 2012, 15, 713). 

 

Conclusions 

 Germanium QDs were successfully coated with a thin layer of silica using a 

modified Stöber process with L-lysine. The unmodified process was unsuccessful, 

indicating that the bulkier base made it possible for the quantum dots to seed the 

synthesis of the particles. In comparison with our previously reported LPD method, the 

modified Stöber process produced a more uniform material in which each QD acts as a 

seed to a silica particle. Most importantly, in thin films of the Ge@SiO2 particles, the 

majority of the nearest neighbor QD…QD distances are within the 10 nm limit required 

for photoconductivity. Finally, the use of the modified Stöber process eliminates the 

necessity of dealing with the HF waste and Ostwald ripening from the LPD method. 

 

Experimental 

General. All chemicals were obtained commercially and most were used without 

further purification with the exception of solvents. For the quantum dot synthesis, 

tetraoctylammonium bromide (TOAB), silicon tetrachloride (99.998%), lithium 

aluminum hydride (1.0M in tetrahydrofuran), methanol (≥99.8%), hexachloroplatinic 

acid hydrate (≥99.9%), isopropanol (≥99.5%), and allylamine (99+%) were obtained 
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from Sigma Aldrich; toluene was obtained from EMD and germanium tetrachloride 

(99.99%) was obtained from Acros Organics. Methanol, toluene, and isopropanol were 

further purified of dissolved oxygen using a freeze-pump-thaw method. For the silica 

coating, tetraethoxysilane (TEOS) (99.999+%), L-lysine (97%), and hexanes (≥ 98.5%) 

were obtained from Sigma Aldrich; ethanol (EtOH) (200 proof) was obtained from 

Decon Laboratories.  

Characterization of these materials were performed with a JEOL 2010 

transmission electron microscope (TEM) at 100 kV with a CCD camera. High resolution 

transmission electron microscopy was performed on a JEOL 2100 field emission gun 

TEM at 200 kV with a CCD camera. X-ray photoelectron spectroscopy (XPS) was 

performed on a PHI Quantera X-ray photoelectron spectrometer equipped with a 

differential argon ion gun with indium foil as a substrate for the samples.  

The photoconductivity of the Ge@SiO2 thin films was tested with white light. 

Indium tin oxide (ITO) coated glass plates (75 x 25 x 1 mm3, 8-12 Ω/sq surface 

resistivity) purchased from Sigma Aldrich, were used as the substrate for films of 

Ge@SiO2. The thin film was painted with conductive graphite on part of the plate that 

was not coated with the film and on spots that were coated to make contacts to complete 

the circuit, see Figure 1.10 for a schematic of this setup.  

 

Germanium quantum dots. The entire synthesis of the quantum dots was 

performed in a glove box under a controlled nitrogen atmosphere to ensure no oxygen 

was present. All solvents in this synthesis were made anhydrous using a freeze-pump-

thaw method. The quantum dots were synthesized in anhydrous toluene (100 mL) with 

tetraoctylammonium bromide (TOAB) (1.5 g, 2.7 mmol) used as a surfactant and GeCl4 

(92 µL, 0.8 mmol). The solution was stirred vigorously for 24 hours to ensure that the 

reverse micelles formed completely and uniformly. LiAlH4 in THF (0.63 µL, 1.0 M) was 

added to this solution as a reducing agent, and the solution was allowed to react for 3 
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hours while continuously being stirred vigorously. The excess LiAlH4 was quenched 

using anhydrous MeOH (15 mL). The quantum dots are hydrophobic at this point, but 

they need to be hydrophilic for further experimentation.11,12  

To make the particles hydrophilic, H2PtCl6 in anhydrous isopropanol (40 µL, 0.05 

M) was added to the quantum dots along with allylamine (2 mL, 26.7 mmol); this 

mixture was allowed to react until the solution stopped producing hydrogen gas. This 

solution is air stable and was taken out of the glove box to evaporate off the liquid, but 

heat was not added to the system because the quantum dots easily oxidize to silica with 

added energy. After drying, the particles were resuspended in deionized water (35 mL) 

and filtered through a 0.2 µm pore filter to remove any excess surfactant leaving the 

quantum dots alone in the water.11,12 

 

Silica coated Ge QDs using the unmodified Stöber method. The reaction was 

carried out in a 100 mL round bottomed flask in air. Methanol (35.0 mL), Ge QD 

solution (4.0 mL in DI H2O), and ammonium hydroxide (4.0 mL, 32 %) were added to 

the flask and stirred with a magnetic stir bar for 10 min at room temperature. To this, 

TEOS (7.0 mL, 31 mmol) was added drop wise over the course of approximately 5 min. 

After addition of half of the TEOS, the reaction turned a translucent white. Upon addition 

of all of the TEOS, the reaction was an opaque white. The reaction was stirred overnight. 

The particles were washed by centrifugation three times each with EtOH and deionized 

(DI) water. The washed pellet remained opaque white. They were then stored in DI 

water.14 

 

Silica coated Ge QDs using the modified Stöber method. The reactions were 

all conducted in a 1.5 mL microcentrifuge tube in air at room temperature. In a typical 

reaction, hexanes (0.06 mL), L-lysine (1.0 mg, 6.8 µmol), and the quantum dot solution 

(1.05 mL in DI water) were mixed in the microcentrifuge tube at room temperature for 10 



54 

min, followed by a drop wise addition of 0.09 mL TEOS. As an alternative, the 

concentration of QDs was reduced by 50% by the use of 0.52 mL of the quantum dot 

solution while the total volume of the reaction was maintained by the addition of 0.52 mL 

of DI water. A control reaction was run using hexanes (0.06 mL), L-lysine (1.0 mL, 6.8 

µmol), and DI water (1.05 mL) with TEOS (0.09 mL, 0.40 µmol). For all reactions, 

stirring was then followed by a period of 24 h without stirring. The reaction contained the 

quantum dots became cloudy white, and the control remained clear. The reactions were 

then centrifuged for 10 min. Only the reaction with the quantum dots had any visible 

sediment, which was a pale yellow. The supernatant liquid was clear, indicating that there 

was a low to zero concentration of Ge QDs in the liquid. The sediment was washed six 

times with EtOH and three times with DI water, and was then store in DI water. It was a 

cloudy, very pale yellow. The experiment was also repeated following the same 

procedure as listed above with the exception that the reactions were only allowed to stir 

for 12 h prior to sitting for 24 h. 
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Chapter 2 

Doping Quantum Dots 

 

Portions of this chapter are included in B. L. Oliva-Chatelain and A. R. Barron, AIMS 

Mater., 2016, 3, 1-21. DOI: 10.3934/matersci.2016.1.1. A preprint can be found in 

Appendix B.  

 

Introduction 

A nanocrystal (NC) can be defined as either a single- or poly-crystalline particle 

having at least one dimension smaller than 100 nanometers. When the dimensions of a 

NC are smaller than the Bohr radius of the element(s) in question, then quantum 

confinement occurs,1 and the particle is termed a quantum dot (QD).2 However, in 

practice quantum effects are observed for particles with diameter up to 2x Bohr radius. 

Thus, given silicon’s Bohr radius is 5 nm, then a Si-NC with a diameter <10 nm would be 

considered a Si-QD.3-5 QD particles exhibit different electronic behavior from their bulk 

homologs. For example, the band gap of bulk silicon is 1.12 eV, but the band gap of Si 

QDs is much larger and depends on the size of the particle.  

As has been discussed elsewhere,6 doping of a particle at the nanoscale may be 

achieved via addition of a dopant within the crystal lattice of the QD (or NC), see Figure 

I.2. As such this is defined as a c-dopant (c = crystal lattice), and the dopant will act in a 

similar manner to that of a bulk semiconductor. Unlike for bulk semiconductor, doping at 

the nano-scale can also be accomplished through surface functionalization, i.e., s-dopant 

(s = surface), see Figure I.2. Researchers have also found that doping of a dielectric 

matrix (i.e., SiO2) surrounding the QDs has the consequence of providing a doping-like 

effect on the electronic performance to the QD, most likely through the change in the 

conduction of the matrix between the individual QDs. Even though this process may not 

be doping in the traditional sense we have termed it as m-dopant (m = matrix), see Figure 
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I.2. For c-type doping the formation of n- or p-type material would be related to that in 

bulk semiconductor. In the latter two cases the dopant element can act as an electron 

donor (which injects electrons into the QD and therefore acts as a n-type material) or 

electron withdrawing group (resulting in the equivalent effect as injects holes and 

therefore acting like p-type doped material).3-6 We also note that there is a differentiation 

between chemical doping (the presence of the element in question) and electronic doping 

(an effect on the band gap, band energy levels, or Fermi level) of the QD.  

While there is significant literature associated with the doping of silicon QDs and 

NCs,6-8 there is a paucity of examples of doping their germanium analogs. Germanium 

NCs (3.3-4.1 nm) have been doped (Al, P, Ga, As, In, Sn, and Sb) at a level of about 1 

mol%, through the nBuLi reduction of a mixture of GeI2 and GeI4.9 Baldwin et al. have 

reported that either the LiAlH4 or Mg reduction of GeCl4 during synthesis results in 

nanoparticles (NPs) with a Cl:Ge ratio of 0.27 (as measured by XPS).10 Based upon a QD 

diameter of 5-7 nm this correlates to about 1000 chlorine atoms per QD suggesting s-type 

doping; however, no determination of the electronic doping effects of the Cl were made. 

Analog Si NCs have been produced with a plasma reactor with chlorine terminating the 

surface. These Cl-terminated Si NCs act as Lewis acids ready to receive electrons from 

Lewis bases like ketones and nitriles.11 In our routes to creating silica coated Ge QDs 

(Ge@SiO2),12,13 it is necessary to convert the as-prepared hydrophobic surface to a 

hydrophilic one through surface functionalization with allylamine (Figure 2.1). The 

addition of ligands to the surface of the preformed NC has been reported to have a 

possible doping effect.14,15 Also it has been shown in other NP systems that secondary 

functionalization of halide functionalized NPs results in the loss of the halogen.16-18 We 

have investigated the chlorine content pre- and post-surface functionalization as well as 

the electronic effects on the QD. In addition, we have investigated the potential 

incorporation of phosphorus, boron and gallium dopants.  
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Figure 2.1. Schematic representation of the surface functionalization of Ge QDs with 

allylamine (H2NCH2CH=CH2). 

 

Results and Discussion 

Inherently doped Ge QDs. The XPS of as prepared Ge QDs prior to allylamine 

functionalization (sample 1a) shows the presence of chlorine and oxygen (see Table 2.1). 

The presence of oxygen in all the QD samples is a consequence of atmospheric exposure 

during sample preparation, while the presence of carbon is associated with the allylamine. 

It should be noted that while XPS is a surface technique with an analysis depth of 3-10 

nm for Al-Kα radiation, the analysis of 5 nm QDs (see below) XPS should provides an 

acceptable estimation of composition. The Cl:Ge ratio (as determined by XPS) of 0.07 

for sample 1a is much smaller than the value of 0.27 reported by Baldwin et al. for octyl 

functionalized Ge QDs prepared by the similar routes.10 In both cases this value is lower 

than monolayer coverage: 0.71 (see below). Upon allylamine functionalization (sample 

1b, see Figure 2.1) the chlorine content is significantly increased (Table 2.1). This is 

undoubtedly due to the use of the chloroplatinic acid (H2PtCl6) as a catalyst to cap the Ge 

QDs with amines (see Figure 2.1). According to the XPS, the Cl:Ge ratio is increased to 

0.39 once the QDs are amine functionalized. Figure 2.2 shows the mechanism of the 

platinum catalyst. From this mechanism, it is possible that during the reductive 

elimination step of the reaction that a chlorine atom from the catalyst could easily 

participate instead of the allylamine, which would create the Ge-Cl environment observed 

through XPS.  
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Figure 2.2. Mechanism of the chloroplatinic acid catalyst.  

 

The high resolution Ge 3d and Cl 2p spectra for samples 1a and 1b are shown in 

Figures 2.3 and 2.4, respectively. The Ge 3d peak shows both Ge-O and Ge-Ge species 

regardless of amine functionalization. However, we note that the Ge-O peak appears to 

increase in intensity upon amine functionalization even though the O:Ge ratio decreases. 

This suggests that the peak at 32.2 eV in Figure 2.3b is a composite of both Ge-O and 

Ge-Cl.  

The positions of the Cl 2p peaks (Figure 2.4) are consistent with Ge-Cl species.19,20 

The XPS peak shift does not differentiate between residual chlorine on the surface of the 

QD (s-type) or interstitial (c-type); however, as noted the Cl:Ge ratio (0.39), and the 

surface selectivity of XPS suggest that the chlorine is on the surface of the QDs. It is 

previously reported that if a low concentration of HCl is added to a Ge QD solution, it 

caps the QDs with chlorine.21 These results are in agreement with a theoretical study of Si 

NCs that reports that chlorine atoms prefer the surface (s-doped) rather than the inside the 

NC (c-doped).22  
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Table 2.1. XPS analysis (at%) of as synthesized and doped Ge QDs. 

Sample Ge Cl O N C Ea 

1a 1.12 0.08 3.06 1.50 94.25b - 

1b 16.17 6.31 2.10 9.81 65.61 - 

2 4.77 7.88 9.34 14.27 63.74 - 

3 6.44 3.04 1.53 12.20 76.79 - 

4 9.53 4.50 11.52 8.71 65.74 - 

5 7.66 3.77 7.48 10.47 72.62 - 

6 4.14 5.88 15.52 12.11 60.34 2.01 (P) 

7 2.87 6.31 7.21 15.65 66.76 1.20 (P) 

8 1.60 7.10 4.01 17.58 69.70 0.01 (B) 

9 5.48 5.84 16.95 12.65 58.99 0.09 (Ga) 

a Dopant element given in parenthesis. b High C content due to residual surfactant from reaction. 

The average diameter of the as synthesized Ge QDs determined to be 5 nm from 

HRTEM images, with a dispersion shown in Figure 2.5. As is seen from Figure 2.6, some 

of the particles having multiple crystal domains with a particle having a defined grain 

boundary. In Figure 2.6b, a single particle is expanded on revealing that there are two 

different atomic lattice directions in the same particle. Thus, the grain boundary cannot 

be ruled out as the location of the chlorine atoms detected by XPS. However, the crystal 

lattice measurements of the Ge QDs (5.65 Å) match that of diamond cubic germanium 

(5.648 Å)23 suggests that the chlorine is not interstitial. Given an average diameter of 5 

nm (Figure 2.5) an estimate may be made of the maximum chlorine content per QD.  

Assuming an ideal crystal lattice and the presence of chlorine on each “dangling 

bond” site associated with the (100) crystal face then the Cl:Ge ratio would be expected 

to be ca. 0.71. This is higher than the value determined by XPS (0.39) indicating less than 

monolayer coverage, which is consistent with the allylamine functionality (Figure 2.1). 
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Based upon the chlorine content, it would it is consistent that the chlorine doping may be 

described as c-type. 
 
 

 

 
Figure 2.3. High-resolution XPS Ge 3d peak of (a) untreated Ge QDs (sample 1a) and 

(b) allylamine functionalized Ge QDs (sample 1b). 

Prior to determining whether the Cl atoms act as an active dopant and in what 

manner (n- or p-type) a series of control studies were first performed to determine if the 

Si wafers would produce a photocurrent on their own with different metals used for top 

and bottom contacts (Figure 2.7a). The I/V curves were measured (see Methods and 
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Materials) from which the efficiency of the cell is determined. The results of the control 

studies are shown in Table 2.2.  
 

 
Figure 2.4. High-resolution XPS Cl 2p peak of allylamine functionalized Ge QDs 

(sample 1b). The fitted lines are for the two components of Cl 2p3/2 and 2p1/2 spin-orbit 

doublet. 

 

 
Figure 2.5. Average particle size and distribution, as determined from TEM analysis, for 

Ge QD samples. See Table 1 for reagent and reaction conditions. 
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Figure 2.6. HRTEM image of Ge QDs (Sample 1b) with an expanded image showing 

grain boundary measurements of an individual particle. 

 

The p-type wafer showed no photoresponse under any conditions, but the n-type 

wafer did consistently show a very small photoresponse with both metals with gold being 

slightly more conductive. The small photoresponse that can be observed for the n-type 

silicon wafer is due to an ohmic contact between the wafer and the metal. This happens 

because the metal has a work function close to the electron affinity of the n-type silicon 

and electrons can be easily transferred with very little energy;24 because of this result 

gold back contact were used all further measurements. Another set of control wafers was 

prepared with a SiO2 layer (Figure 2.7b) without any QDs in the sample. Both the p-type 

and n-type wafers with SiO2 only did not produce a photoresponse. 

Test cells were prepared by depositing the Ge QDs (sample 1b) into a silica matrix 

as a thin film on the Si wafer (Figure 2.7c). The QDs were coated with silica to separate 

them from each other a small distance (<10 nm) using previously described method,13,25 

and were then made into a thin film via vertical evaporation on silicon wafer pieces.26 
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SEM analysis of the samples showed the films to be highly textured (Figure 2.8), but 

uniform in thickness. It was found that thin oxide layer is necessary for producing thin 

films because the completely clean wafers are severely hydrophobic, and adding the 

silica coated quantum dots does not work with a hydrophobic surface. The thin oxide 

layer allows the surface to be hydrophilic and the silica coated quantum dots will stick to 

the surface.  

 

 
Figure 2.7. Schematic representations of test devices (a) M|Si|M, (b) M|SiO2|Si|M, and 

(c) M|Ge@SiO2|Si|M.  

 

Table 2.2. Efficiency data for control devices M|Si|M and M|SiO2|M. 

Si wafer type SiO2 layer Front and back contact Efficiency (%)a 

p-type No Silver 0.0000 

p-type No Gold 0.0000 

p-type Yes Gold 0.0000 

n-type No Silver 1.3 x 10-3 

n-type No Gold 1.4 x 10-3 

n-type Yes Gold 0.0000 

a Efficiency is defined as power conversion upon exposure to incident light.  
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The Ge@SiO2 layer was deposited on both n-type and p-type wafers with varying 

metals to determine if the material acts as if it is doped and, if so, what metal conducts 

best with this material. The I/V curves were measured for these cells (Figure 2.9). As 

may be seen from Table 2.3, no photoresponse is observed for p-type wafers, while a 

larger response is observed for M|Ge@SiO2|n-Si|Au than the simple n-type Si wafer, i.e., 

M|n-Si|Au where M = Au or Ag (Table 2.2). This result suggests that the chlorine present 

in the as synthesized Ge QDs act as p-type dopant. The efficiency that is produced from 

the n-type wafers with the Ge@SiO2 layer on top is small, but it is significant and 

reproducible.  

If as suggested from the data the Cl atoms act as ligands on the surface of the QD (s-

type) where they are anticipated to act as an electron-withdrawing ligand, which is  

 

 
Figure 2.8. Representative SEM image of Ge@SiO2 film deposited on n-type Si wafer.  
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expected considering the higher electronegativity of the chlorine atom (3.0) as compared 

to Ge (1.8). A prior theoretical report on chlorine terminated Si NCs11 suggests that the 

chlorine polarizes the surface of the NC, which creates a Lewis acid site and surface 

doping effect. Interestingly, EPR has been used to study the injection of holes or 

electrons with molecules adsorbed on the surface of Si NCs.15 Surface adsorption of NO2 

injects holes and acts like p-type doped material. In contrast, NH3 injects electrons and 

acts like n-type doped material. These effects follow the classic activating and 

deactivating trends observed for these substituents in organic aromatic derivatives.27 

Taking this approach, chlorine is a known electron withdrawing substituent and would 

inject holes and acts like p-type doped material, which is indeed observed. Given that a 

highest photoresponse is observed using silver as a front contact, for the rest of the hybrid 

solar cells, all wafers will be n-type and all of the contacts will be gold on the back and 

silver on the front, i.e., Ag|Ge@SiO2|Si|Au. 

 

 
Figure 2.9. Representative I/V curves measured for (a) Ag|Ge@SiO2|n-Si|Au (solid line) 

and (b) Ag|Ge@SiO2|p-Si|Au (dashed line).  
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Table 2.3. Efficiency data for M|Ge@SiO2|Si|Au (M = Au, Ag). 

Si wafer type Front contact metal Efficiency (%) 

p-type Silver 0.0000 

p-type Gold 0.0000 

n-type Silver 2.2 x 10-3 

n-type Gold 0.1 x 10-3 

 

Effect of synthesis stoichiometry. Although doping is the method of choice to 

create a bias to induce electron flow in a solar cell, it is not the only method that can be 

employed. As long as the work functions of the two materials are different enough from 

each other that would be enough to induce electron flow in a solar cell. Work function is 

defined as “the minimum energy barrier (hνc) for conductive electrons to leave a 

metal”.28 Achieving different work functions in the same material can be accomplished 

by creating different sizes of QDs, which would absorb different areas of the 

electromagnetic spectrum. In a semiconductor material, this could also be considered as 

tuning the band gap. There are many examples reported of the band-gap tune ability of 

QDs as a function of particle size.21,29,30 Generally, there are two different approaches for 

the synthesis of different sized particles: the amounts of starting materials (surfactant or 

precursor) or varying the reaction time.31  

Varying the amounts of the reagents was investigated first (Table 2.6). Controlling 

the concentration of the surfactant may have direct relation to controlling particle size. 

Generally, the surfactant is used at such a concentration that the molecules organize 

together to produce micelles, inside of which is where the synthesis actually occurs. A 

decrease in the concentration of the surfactant results in an increase in the particle size of 

a NP.31 TEM analysis (Figure 2.10a) shows crystalline QDs, from which the size and 

distribution is determined (Figure 2.5). As seen from a comparison of Figures 2.5 and 
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2.10b, the average particle size did not change significantly upon alteration of the 

surfactant concentration. This observation is supported by the proposal made by Baldwin 

et al. that the micelles that the surfactant creates are not actually the reaction vessels for 

the synthesis of these particles and, as such, have no bearing on the size or shape of the 

particles.32 When the concentration of the germanium starting material was doubled 

without altering the surfactant concentration (sample 3), there were significantly more 

particles, which suggests that the starting material controls the number of nucleation sites, 

but does not control the growth rate. As growth and nucleation are considered separate 

events, there should be a parameter that controls the growth of the QDs.31 Once the 

duration of the reaction was investigated, it became clear that time is the parameter that 

controls particle growth. When the reaction time was halved (sample 4), the growth was 

stopped before the particles had time to mature, but when the reaction time was doubled 

(sample 5), the particles were allowed to grow much larger than normal and with a much 

broader size distribution (Figure 5).  

The XPS analysis (Table 2.1) of the Ge QDs prepared with low surfactant 

concentration (sample 2) shows that the Cl:Ge ratio (1.64) is more than that of a full 

monolayer coverage based upon the particle size (0.71), see above. In fact based on the 

particle size, there is more chlorine associated with the particles than is practical for 

having the chlorine occupying the dangling bonds alone (even considering a non-uniform 

particle shape). This could indicate that there are chlorine atoms in the particles or that 

there is partially reacted “GeClx” species entrained with the QDs, see below.  

Germanium QDs were prepared with a concentration of GeCl4 double the standard 

concentration (Sample 3, Table 2.6). Ordinarily, an increase in the metal precursor 

concentration would result in larger NPs.31 However, as may be seen from Figures 2.5 

and 2.10b there is only a slight increase in the average particle size upon increasing the 

GeCl4 precursor’s concentration (see, Figure 2.5). A more significant result of doubling 

the GeCl4 reagent concentration is an increase of the yield of Ge QDs, which is beneficial 
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for scaling up the synthesis. As determined by XPS the Cl:Ge ratio for sample 3 (Table 

2.1) is 0.47 consistent with sub-monolayer coverage. 

Decreasing the reaction time to the half of the normal time (sample 4, Table 2.6) 

resulted in a sample in which the QDs are very small (Figure 2.10c) and with a narrow 

size distribution (Figure 2.5). It should be noted that there remains a significant amount 

of excess surfactant in solution. Extending the reaction time to 6 h. (sample 5, Table 2.6) 

produces the expected increase in the particle size. As is seen from Figure 10d, increased 

reaction time not only produces Ge QDs with an average particle size of 10 nm. 

However, the particle size dispersion is wider than for the standard conditions (see Figure  

 
 

 
Figure 2.10. HRTEM image of Ge QDs synthesized with varying reagent and reaction 

conditions (see Table 2.6): Samples 2-5 (a-d, respectively).  
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2.4). The Cl:Ge ratio as determined from XPS for samples 4 and 5 (0.47 and 0.49, 

respectively) appear similar. However, based upon their average size (Figure 2.5) 

monolayer coverage of Cl:Ge would be expected to be 1.24 and 0.32, respectively. Also 

interesting to note is the large size variation of sample 5, which makes the chlorine 

coverage difficult to determine if there truly is an excess of chlorine larger than a 

monolayer coverage or not.  

Regardless of the size dispersion, as seen in Figure 2.5 all Ge QD sizes are well 

below the reported Bohr radius of germanium (18 nm); therefore, all of the particles 

should still be affected by quantum confinement.5 Efficiency measurements for 

Ag|Ge@SiO2|n-Si|Au devices using the Ge QDs prepared under different synthetic 

conditions (Table 2.6) are shown in Table 2.4. As expected the sample prepared with 

double the GeCl4, which are similar in size to those prepared under standard conditions, 

shows essentially identical performance. However, it is interesting that the sample 

prepared with lower surfactant concentration did not result in an active device, even 

though the particles are similar in size (Figure 2.5). As noted above the Cl:Ge ratio in 

sample 2 is more than the maximum coverage for a monolayer. Either way this amount of 

chlorine clearly negatively affects the ability of these particles to create a photoresponse. 

Conversely, the QDs that were synthesized with double the GeCl4 (sample 3, Table 2.1) 

has a Cl:Ge ratio of 0.47 and this provides layers with active photoresponse. 

There appears no photoresponse for devices made using small Ge QDs prepared 

with low reaction time (sample 4), and devices prepared using larger QDs (sample 5) 

shows a lower efficiency than the standard sample. It has been previously reported for Si 

NCs that electronic doping can vary with dopant concentration.33 For Ge NCs, there also 

appears to be variation with chlorine concentration, but it is less clear. The Ge QDs from 

sample 1b have a small photoresponse with a Cl:Ge ratio of 0.39, when the ratio is raised 

to 1.64 as in sample 2 there is no photoresponse due to too much chlorine. However, 

when the Cl:Ge ratio is raised to 0.47 as in sample 3, there is a slightly higher 
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photoresponse. Based upon a comparison of a similar effect occurs with the chlorine 

functionality of Ge QDs it appears that a range of 50-80% monolayer coverage provides 

electronically active doping; however, more detailed studies are needed to define the 

optimum dopant coverage level.  

 

Table 2.4. Efficiency data for Ag|Ge@SiO2|n-Si|Au. 

Sample Average QD particle 

size (nm) 

Efficiency 

(%) 

Comment 

1b 5 2.2 x 10-3 Reference sample 

2 5 0.0000 Decrease surfactant conc. 

3 5 2.5 x 10-3 Increase GeCl4 conc. 

4 2 0.0000 Decrease reaction time 

5 10 0.4 x 10-3 Increase reaction time 

 

Doped Ge QDs. It has been previously reported34 that Si QDs may be doped by the 

use of PCl3 during their synthesis (sample 6). Because their process for synthesizing the 

doped Si QDs was similar to the method used herein for Ge QDs,13 it is reasonable to 

assume that this reaction may work to dope the Ge QDs with phosphorus. Thus, Ge QDs 

were prepared using 10% PCl3 as a co-reactant, see Materials and Methods.  

XPS analysis (Table 2.1) does confirm the presence of phosphorus in the QDs. The 

composition gives a P:Ge ratio of 0.42. There is also a presence of chlorine (as confirmed 

by the high resolution 2p spectra, see below). The Cl:Ge ratio (1.42) is much higher than 

the monolayer coverage of chlorine on the particle. The combined dopant X:Ge (1.90) is 

much much higher than monolayer coverage. However, the XPS may be able to help 

explain the excess chlorine in the system. As noted above, despite the surface sensitive 

nature of XPS the results cannot distinguish between the P being on the surface of the QD 
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or inside the QD itself. Either way, the P atoms could be available as a dopant. If the 

phosphorus is in the germanium crystal lattice, it will act as n-type, but if the atoms are 

on the outside of the particles it could be either electron donating or electron 

withdrawing.  

The high resolution P 2p spectrum for sample 6 is shown in Figure 2.10a. The 

chemical composition is consistent with both P-O (134.1 eV) and P-Cl (133.1 eV) 

moieties.35,36 With Ar ion sputtering there is an alteration in the peak position, which 

makes chemical assignment more difficult.37 However, there is no significant change in 

the relative composition of the two peaks observed, suggesting that these are shifted due 

to charging effects rather than chemical composition changes. Irrespective of the 

chemical speciation issue, the phosphorus content is significantly decreased (see Figure 

2.11b). This would suggest that like the chlorine (see above), the phosphorous is 

predominantly on the surface of the QD. Furthermore, it is interesting that the presence of 

P-Cl moieties suggest incomplete reaction of the PCl3 starting material or colocation of 

the Cl and P on the surface of the QD, which explains why there is so much excess 

chlorine in the system. We have previously shown13 that the as synthesized Ge QDs are 

coated with a thin native GeO2 layer, thus the presence of P-O species is expected within 

the surface. König et al. have reported that when trying to dope Si@SiO2 materials, the 

phosphorus is found mostly at the interface of the Si and SiO2 or in the silica with little 

phosphorus within the Si NC suggesting that the phosphorus prefers binding to oxygen.37 

Our data supports a similar distribution for the germanium analogs since the high 

resolution Ge 3d spectra is shown in Figure 2.12 and is consistent with elemental 

germanium and GeO2 species.38 

Figure 2.13 shows the UV-visible spectrum of the Ge QDs prepared without PCl3 

(sample 1b) and those with 10% PCl3 (sample 6). As may be seen there is a 9 nm red 

shift in the band edge from 329 nm to 338 nm,39,40 and an increased adsorption tail. The 

band edge shifts to 344 nm with the addition of more PCl3 to the reaction mixture (20% 
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PCl3, sample 7). Figure 2.14 shows the derived Tauc plot from the UV-visible spectra. 

The calculated band gaps are as follows: 3.84 eV (sample 1), 3.83 eV (sample 6) and 3.79 

eV (sample 7). 

 
 

 

 
Figure 2.11. High-resolution XPS P 2p peaks of Ge QDs dots prepared in the presence of 

PCl3 (sample 6) pre-sputter (a) and post-sputter (b). 

 

The shift of band edge could be associated with a change in QD size; however, as 

may be seen from the TEM image in Figure 2.15 there is no significant change in the QD 
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size (Figure 2.5). In addition, there is no change in the crystal lattice of the Ge QDs 

further suggesting the phosphorus is at the surface of the QDs.  

 

 
Figure 2.12. High-resolution XPS Ge 3d peak of Ge QDs dots prepared in the presence 

of PCl3 (sample 6). 

 

 

 
Figure 2.13. UV-visible spectra of Ge QDs (sample 1) and those prepared with varying 

concentrations of PCl3 (samples 6 and 7) highlighting the shift in band edge with the 

change in concentration. 
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As with the as-prepared QDs, test cells were prepared by depositing the P-doped 

Ge QDs into a silica matrix as a thin film on the Si wafer (i.e., Figure 2.7c).13,25 Test cells 

were prepared on both n-a nd p-type Si substrates and the I/V curves measured (Figure 

2.16). As may be seen from Table 2.5 the cell results indicate that, like the native Ge 

QDs, the P-Ge@SiO2 material also behaves as a p-type layer. These results indicate that 

the phosphorus also acts as an electron-withdrawing ligand. However, it is important to 

note, that within the limitations of the cell structure, the efficiency is significantly greater 

than the inherently doped Ge@SiO2 material. It should be noted that as such the 

enhanced cell performance might be a consequence of “deep defect centers, which appear 

to provide the most efficient and fastest path for non-radiative carrier recombination” by 

the inclusion of P in the silica matrix. Such an effect has been proposed to be responsible 

for photoluminescent quenching with increased phosphorus concentration.37 

 

 

 
Figure 2.14. Tauc plot from UV-visible spectral data of Ge QDs (sample 1) and those 

prepared with varying concentrations of PCl3 (samples 6 and 7). Note that the y-axis is 

squared due to Ge having an indirect band gap.   
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Figure 2.15. HRTEM image of Ge QDs prepared in the presence of 10% PCl3 (sample 

6). 

 

Since phosphorus was found to produce n-type particles, or at least create the effect 

of making the QD n-type within the test cell structure, boron and gallium doping were 

attempted. As a suitable boron and gallium precursor BF3OEt2 and GaCl3 were chosen, 

respectively. Even with the addition of 10% BF3, no doping of the QDs occurred, based 

upon XPS (Table 2.1). The XPS survey scan for the samples prepared with the addition 

of 10% GaCl3 during the synthesis appears to show the presence of gallium; however, the 

high-resolution Ga 3d spectrum shows that any gallium is at or below the detection limit 

of the spectrometer (ca. 0.3%).  

Boron doping the QDs during synthesis did not work according to the XPS (figure 

2.17). However, boron is an oxygen scavenger and is very small (90 pm) compared to 

germanium (122 pm),41 which means that boron has the ability to roam freely in the QD 

and work its way to the outside to get oxygen. Boron prefers to do this instead of staying 
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in the lattice position in which it originates, and it tends to destroy the crystallinity of the 

material that it is in during the process. The boron-doped QDs would not only be 

structurally different afterwards, but they would also be completely oxidized, and 

because of that, the idea of using boron was abandoned for gallium as a p-type dopant. 

Gallium (120 pm) has a much closer atomic radius to germanium,41 which means that it 

should be stable in the crystal lattice where it initially forms. However, gallium doping 

was also unsuccessful as seen by XPS (figure 2.18). A p-type doped germanium quantum 

dot was not synthesized using these methods. 

 

 

 
Figure 2.16. Representative I/V curves measured for (a) Ag|P-Ge@SiO2|n-Si|Au and (b) 

Ag|P-Ge@SiO2|p-Si|Au prepared with P-doped Ge QDs (sample 6).  

 

Table 2.5. Efficiency data for Ag|P-Ge@SiO2|n-Si|Au. 

Si wafer type Efficiency (%) 

n-type 0.0000 

p-type 9.3 x 10-3 
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Figure 2.17. XPS survey scan of boron doped germanium quantum dots. 

 

 

Figure 2.18. XPS survey scan of gallium doped germanium quantum dots. 

 

Doping the silica surrounding the quantum dots. As mentioned above, doping 

the quantum dots themselves would be very challenging when considering how few 

atoms are in each particle. For this reason, following the idea of Alivisatos’ group and 

putting the dopant near the quantum dot instead of inside of it was attempted first due to 

convenience.42 Since the quantum dots are completely coated in silica to make the solar 

cells in the first place, adding a dopant in the silica layer would be the most logical.  
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Doping the silica during the modified Stöber synthesis with either boric acid or 

phosphoric acid to produce a p-type or n-type material, respectively, was attempted first. 

The modified Stöber method used to coat the QDs requires a weak base to start the 

reaction. When phosphoric acid was added to the reaction, the first hydrogen completely 

dissociated acting as a strong acid, which neutralized the base instantly, and the reaction 

did not continue. Therefore, phosphoric acid was not a good source of phosphorus in this 

reaction, and it was exchanged for tribasic potassium phosphate salt since it is an equal 

substitution for the acid without having to be concerned with the acidic properties of the 

starting material. The reaction with the phosphate salt went well, and the QDs were 

successfully coated in silica; however, the XPS data (figure 2.19a) shows no phosphorus 

in the sample. This indicates that n-type doping the silica surrounding the quantum dots 

during synthesis is not going to work. Boric acid, on the other hand, is a very weak acid 

to being with, so when it was introduced into the modified Stöber reaction, there was no 

problem with producing silica particles. However, the XPS data (Figure 2.18b) also 

shows no boron in the sample. These result indicate that doping during the silica 

synthesis is not possible using this method. 

Perhaps treating the silica particles after synthesis to get the dopant atoms to 

diffuse through the layer would be a valid option. Annealing Ge@SiO2 in the presence of 

boric acid or the phosphate salt to get p-type or n-type material, respectively, was 

attempted next. Research indicates that phosphosilicate and borosilicate glass are both 

created at 300 °C.43 Silicon wafers are doped through a silica layer after the wafer is 

produced, so this could also be a possibility for these particles. In order to test this, the 

silica particles were placed in a furnace with the starting dopant material. XPS (figure 

2.20 a and b) shows that both the boron and the phosphorus reacted particles indicate 

absolutely no dopant present in either set of particles. The particles were also very 

difficult to retrieve after the heat treatment. They fused not only to each other but also to 

the boat they were in during the treatment. This is not useful for future experiments, so 
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this method was abandoned. One reason why this method of doping did not work is most 

likely due to the dopant starting material. When silicon wafers are doped, they are heated 

in an inert environment with the dopant precursor present in gas form flowing over the 

wafer, not a liquid or solid mixed with particles in air. This method is not feasible for 

these particles either. Therefore, no method of doping the silica layer is manageable and 

other methods of doping the quantum dots themselves require investigation. 

 

 

 

Figure 2.19. XPS spectra of SiO2 reacted with (a) phosphorus and (b) boron. 

 

 



81 

 

 

 

Figure 2.20. XPS spectra of SiO2 annealed in the presence of (a) boric acid and (b) 

potassium phosphate (tribasic) salt. 

 

Although doping the silica layer surrounding the quantum dots was not 

successful, this does not indicate that doping the quantum dots is not possible. There are 

two possibilities to dope quantum dots: post-synthesis treatment or during synthesis. 

Post-synthesis treatment would act more like adsorption than physically doping the 

quantum dots. Due to the way the quantum dots are synthesized, they are capped with 

allylamines with the alkyl chain bound to the surface of the germanium and the amine 
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group facing out to the solvent, which is what gives the QDs their hydrophilic properties. 

There is a well-known reaction between amines (usually ammonium) and boric acid to 

create a B-N bond.44-46 This reaction requires no extra energy besides stirring to go to 

completion, so theoretically it would be safe for the quantum dots. However, once the 

boric acid was added to the quantum dot solution, the color changed from yellow to 

completely colorless immediately indicating oxidation and dissolution of the quantum 

dots. This is not an acceptable doping method for these QDs. 

 

Conclusions 

 We have shown that as-synthesized Ge QDs contain significant surface chlorine, 

despite subsequent functionalization with organic amines to enhance water solubility. 

This surface chlorine acts as a p-type dopant, but the chlorine concentration appears to be 

critical in providing an electronically active dopant. In a similar manner, the addition of 

PCl3 during the synthesis results in surface inclusion of phosphorus within the native 

GeO2 coating of the QD. However, the formation (or retention) of P-Cl species is 

unusual. Despite the inclusion of possible dopant elements during the chemical reduction 

of the GeCl4 precursor, those that can be detected are all present on the surface of the QD 

(s-type). This suggests that the self-purification process observed for Si NCs is operative 

in their germanium analogs.47 

 

Experimental 

General. All chemicals were obtained commercially and most were used without 

further purification with the exception of solvents. For the quantum dot synthesis, 

tetraoctylammonium bromide (TOAB), silicon tetrachloride (99.998%), lithium 

aluminum hydride (1.0 M in tetrahydrofuran), methanol (≥99.8%), hexachloroplatinic 

acid hydrate (≥99.9%), isopropanol (≥99.5%), gallium (III) chloride (≥99.99%), boron 

trifluoride diethyl etherate (for synthesis), and allylamine (99+%) were obtained from 
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Sigma Aldrich; toluene was obtained from EMD and germanium tetrachloride (99.99%) 

was obtained from Acros Organics. Phosophrus (III) chloride was obtained from Alfa 

Aesar. Methanol, toluene, and isopropanol were further purified of dissolved oxygen 

using a freeze-pump-thaw method. For the silica coating, tetraethoxysilane (TEOS) 

(99.999+%), L-lysine (97%), and hexanes (≥ 98.5%) were obtained from Sigma Aldrich; 

ethanol (EtOH) (200 proof) was obtained from Decon Laboratories.  

Characterization of these materials were performed with a JEOL 2010 

transmission electron microscope (TEM) at 100 kV with a CCD camera. High resolution 

transmission electron microscopy was performed on a JEOL 2100 field emission gun 

TEM at 200 kV with a CCD camera. UV-visible spectroscopy was performed on an 

Agilent 8453 UV-visible spectroscopy system with 1 cm quartz cuvettes. X-ray 

photoelectron spectroscopy (XPS) was performed on a PHI Quantera X-ray photoelectron 

spectrometer equipped with a differential argon ion gun with gold coated silicon wafers 

as a substrate for the samples.  

 

Inherently doped germanium quantum dots. Synthesis was undertaken using a 

variation of a literature procedure.12,13 GeCl4 (92 µL, 0.8 mmol) and tetraoctylammonium 

bromide (TOAB) (1.5 g, 2.7 mmol) were dissolved in anhydrous toluene (100 mL). The 

solution was stirred for 24 hours to ensure that the reverse micelles formed completely 

and uniformly. To this was added LiAlH4 in THF (0.63 mL, 1.0 M), and the solution was 

allowed to react for 3 hours while continuously stirred. After which the excess LiAlH4 

was quenched using anhydrous MeOH (15 mL). The quantum dots are hydrophobic at 

this point (sample 1a). To make the particles hydrophilic, H2PtCl6 in anhydrous 

isopropanol (40 µL, 0.05 M) was added to the quantum dots along with allylamine (2.00 

mL, 26.7 mmol); this mixture was allowed to react until the solution stopped producing 

hydrogen gas. This solution is air stable and was taken out of the glove box to evaporate 

off the solvent. It should be noted that heat is not applied because the quantum dots easily 
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oxidize upon heating. After drying, the particles were re-suspended in deionized water 

(35 mL) and filtered through a 0.2 µm pore filter to remove any excess surfactant leaving 

a solution of the QD (sample 1b). Variations in reagent ratio (samples 2 - 5) were 

employed in order to determine the effect on particle size (Table 2.6). The as synthesized 

Ge QDs were coated with silica using previously described processes.25  

Doped germanium quantum dots. Quantum dots were synthesized using the 

procedure described above, however, a suitable dopant precursor was added as needed 

prior to the addition of the LiAlH4: PCl3 (8 µL, 0.08 mmol, sample 6; 16 µL, 0.16 mmol, 

sample 7) for phosphorus; BF3(OEt2) (80 µL, 1M) for boron (sample 8), and GaCl3 

(0.0142 g, 0.08 mmol) for gallium (sample 9). The remainder of the synthesis was 

identical to that used for sample 1b.  

 

Table 2.6. Variation in reagent and reaction conditions for inherently doped Ge QDs. 

Sample GeCl4 (µL) TOAB (g) Reaction time (h)  LiAlH4 (mL)   

1 92 1.5 3  0.63   

2 92 0.75 3  0.63   

3       184 1.5 3  1.2   

4 92 1.5 1.5  0.63   

5 92 1.5 6  0.63   

 

Doped silica coated Ge QDs using the modified Stöber method. The reactions 

were all conducted in a round bottom flask in air at room temperature. In a typical 

reaction, hexanes (1.44 mL), L-lysine (0.0126 g, 6.8 µmol), deionized water (8.84 mL), 

and the quantum dot solution (3 mL in DI water) were mixed in the flask at room 

temperature for 10 min along with the dopant of either 5% boric acid in DI water (0.75 

mL), concentrated phosphoric acid (0.05 mL) or 5% potassium phosphate tribasic 



85 

solution in DI water (0.16 mL) to create 20 atomic % dopant, followed by a drop wise 

addition of 0.965 mL TEOS. For all reactions, 12 h stirring was then followed by a period 

of 24 h without stirring. The reactions were then centrifuged for 30 min. The sediment 

was washed three times with EtOH and three times with DI water, and was then stored in 

DI water.  

Si/Ge@SiO2 layers for I/V measurements. N-type and p-type silicon wafers 

were provided by Natcore Technology, Inc., doped with phosphorus and boron, 

respectively. These wafers came with a thick silica passivation layer on top to keep the 

dopants from migrating out of the silicon. The wafers were cut into 2x2 cm2 coupons and 

were buffer (NH4F/HF) etched to remove the passivation layer. The clean wafers were 

then plasma (5% O2 in argon) etched to add back a very small (<10 nm) uniform layer of 

oxide back on the surface. The wafers are placed vertically into a solution of the silica 

coated quantum dot particles to evaporate the solvent and deposit the particles.26 Once the 

wafers are coated with the particles, a back contact of gold is added by sputtering. The 

front contact (gold or silver) is sputtered using a mask to create fingers across the surface 

without completely covering it with metal.48 Both contacts are 100 nm thick, and the 

metal used depends on the identity of the dopant of the wafer and the presence of a QD 

layer. The device is then tested in a solar simulator that is monitored by a multimeter 

connected to computer software. The efficiency of the QD/Si cells were calculated from 

the I-V curves detected via Keithley 2420 and 2425 High Current SourceMeter with an 

Oriel Model 81190 Solar simulator equipped with a Xenon lamp, including light intensity 

feedback control. The intensity of incident light was 100 mW/cm2. The solar cells were 

kept at a fixed distance of 6 inches from the light source for optimal conditions. The cells 

were attached to two leads, one connected to the back contact and the other connected to 

the busbar of the front contact as seen in Figure 2.21. This setup allowed for the 

measurement of the current produced by the cell with change in voltage. 
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Figure 2.21. Schematic and measurements of the metal contacts sputtered on the solar 

cells.17  
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Chapter 3 

Thin Film Improvement 

 

Portions of this chapter are included in B. L. Oliva-Chatelain and A. R. Barron, Main 

Group Chemistry, 2016. A preprint can be found in Appendix B.  

 

Introduction 

Colloidal crystals are three-dimensional assemblies of mono-dispersed spheres 

such as silica or polystyrene.1,2 These assemblies have become an interest for applications 

in anti-reflective coatings, optical filters, and solar cells.3,4 There are many methods to 

produce colloidal crystals, such as: gravity sedimentation, electrophoretic deposition, spin 

coating, centrifugation, capillary deposition, and vertical deposition.5-13 One potential low 

cost and saleable approach has been recently studied for a wide range of films by spray 

deposition.14-16 Gravity sedimentation takes weeks even on a small scale, so using that 

method for mass production would be time consuming and costly.5-11 For the best control 

at the laboratory scale, the vertical deposition method appears to have the most success 

because it is the most reproducible and reliable method of the above mentioned; this 

method also does not require special equipment or environment to produce the array.9-13  

We have recently reported that germanium quantum dots (QDs) may be coated 

with silica via either a liquid phase deposition (LPD) process17 or through the seeding of 

Stöber particles.18-19 The formation of thin films on suitably doped silicon wafers enabled 

a hybrid solar cell device to be tested.19 While device performance is dependent on a 

myriad of parameters, including the inter QD…QD distance, the doping of the QDs, and 

the conductivity of the silica matrix, we are interested in determining the effects of film 

formation and post deposition annealing on the device performance. We have therefore 

investigated the vertical deposition of silica coated Ge QD (Ge@SiO2) nanoparticles 
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(NPs). Using these particles will allow for a similar approach as that reported in literature 

since the particles are externally silica. 

 

Results and Discussion 

Vertical deposition method. We have previously deposited films of 

nanoparticles of silica coated Si QDs (Si@SiO2 NPs) with an average particle size of 150 

nm17 by suspending in DI water with the substrate standing vertically, and the solution 

was evaporated on its own time at room temperature as seen in Figure 3.1. Although the 

films appeared to be a glassy film, a closer view of the film showed that there were still 

gaps between the particles indicating that this was not a true array, and there was room 

for improvement.17 The average particle center to particle center distance was 170 ± 30 

nm, consistent with a porous film. Other solvents were previously tested with this 

method,20 but none were found to be better than pure water. Furthermore, significantly 

smaller Ge@SiO2 NPs have been produced and are required for solar cell 

applications.18,19 Thus, it is expected that the packing of the particles and overall topology 

of the thin film may alter.  

 

 
Figure 3.1. Schematic of vertical deposition technique. 
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Fig. 3.2a shows the SEM image of a Ge@SiO2 film grown from 1.5 M solution in 

DI H2O. As may be seen by comparison with the results of an analogous growth of larger 

Ge@SiO2 NPs (Fig. 3.2b), the film is more densely packed. However, the film is actually 

made of large plaques of particles rather than a continuous layer (Fig. 3.3). Such a 

cracked morphology is typically due to stresses upon solvent evaporation; however, it is 

interesting that this was not observed for the larger Si@SiO2 particles. Presumably, lower 

particle…particle forces in the latter film mean that a lower density structure is formed 

(Fig. 3.2b). Obviously the plaque like structure is not appropriate for a device since 

metallization causes a short through the film, see below, Furthermore, not only are the 

plaques separated from each other in the plane of the substrate, but in some cases, the 

plaques are even separated and peeled up from the silicon wafer surface (Fig. 3.3). This 

separation also causes an issue with achieving higher efficiencies because whatever 

 

 
Figure 3.2. SEM image of particles in a typical (a) Ge@SiO2 QDs (d = 17 nm) deposited 

on a n-type Si wafer substrate from DI water suspension compared with (b) larger 

Si@SiO2 QDs (d = 150 nm) deposited under similar conditions (Reprinted with 

permission from H. Rutledge, B. L. Oliva-Chatelain, S. J. Maguire-Boyle, D. L. Flood, 

and A. R. Barron, Mater. Sci. Semicond. Proc., 2014, 17, 7). 
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current the thin film generates cannot be transferred to the wafer to complete the circuit. 

Due to these issues, concentration and annealing studies were done to determine if these 

problems could be combatted with slight modifications. 

 

 
Figure 3.3. SEM images of (a) the surface and (b) the cross-section of a typical 

Ge@SiO2 QD thin film grown on n-type Si wafer from DI water suspension. 

 

In order to determine if the concentration of the particle solution affected the 

uniformity as series of the films were grown with both Ge@SiO2 and P-doped Ge QD 

derivatives (P-Ge@SiO2). The concentrations of the as prepared (see Experimental) 

Ge@SiO2 (1.5 mol/dm3) and P-Ge@SiO2 (0.63 mol/dm3) NP solutions were determined 

from weight measurements after drying. This difference in NP concentration is most 

likely due to the change in QD surface with the presence of phosphorus.19 A series of 

standard dilutions (1/2, 1/4, 1/8, and 1/16 of the original solutions) were prepared to 

determine if there is a correlation between concentration and film thickness and/or 

continuity.  

Fig. 3.4 shows top and cross sectional views of films grown from different 

concentration solutions of Ge@SiO2 NPs. Regardless of the concentration of the 

particles, the packing between the particles remains constant and relatively close,  
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Figure 3.4. SEM surface and cross-sectional images of films formed from varying 

concentrations of Ge@SiO2 NPs solutions in DI H2O: 1.50 mol/dm3 (a and f), 0.750 

mol/dm3 (b and g), 0.375 mol/dm3 (c and h), 0.188 mol/dm3 (d and i), and 0.094 mol/dm3 

(e and j). 
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resulting in a dense film. However, as the concentration decreased, the uniformity of the 

film decreased. More importantly, in most of the films, regardless of concentration, 

plaques of particles were still formed with the exception of the lowest concentration of 

Ge@SiO2 NPs (0.094 mol/dm3). The non-uniform nature of the films may be a 

consequence of the slow rate of film growth (days). In order for the NPs not to precipitate 

out of solution through aggregation, the reaction must be sonicated. This sonication may 

result in the damage of the grown film and the loss of fragments to the solution.  

The graph in Fig. 3.5 shows that little to no correlation between concentration and 

film thickness of Ge@SiO2 particles, except for the lowest concentration. It is worth 

noting that it is only at the lowest and highest concentrations that uniform films (small 

standard deviation in thickness) are formed. We have previously observed that too rapid 

an evaporation rate can cause the surface of the film show wave-like features.17 This is 

not the case here, instead there is an inhomogeneous film growth; however, the NP…NP 

interaction compared to the NP…solvent interaction has been discussed as a controlling 

factor in film uniformity.8 Although there is an obviously smaller film thickness with the 

lowest concentration of particles, the film also covered much less of the wafer. Higher 

 

 
Figure 3.5. Film thickness versus concentration of Ge@SiO2 NPs. 
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concentrations could not be studied since even at 1.5 mol/dm3 the particles have a hard 

time staying in solution.  

The same experiments were performed with the phosphorus-doped quantum dots 

coated with silica (P-Ge@SiO2). The base solution of these particles is lower than that of 

the undoped analogs; however, a similar trend is observed for the films grown. SEM 

images of the top and cross sectional views for films grown from each concentration are 

shown in Fig. 3.6. It is clear that these are very similar to the undoped films with plaques 

of close packed particles that are not touching each other or sometimes not touching the 

wafer. The variation of film thickness with the concentration of P-Ge@SiO2 NP solution 

is shown in Fig. 3.7. Here there is the more expected trend, but again the variation in film 

thickness within a sample is wide.  

We have previously demonstrated19 that both the Ge@SiO2 and P- Ge@SiO2 NP 

thin films deposited on n-type Si wafers (see Experimental) allow for the fabrication of 

low efficiency (as a consequence of film uniformity) solar cells of the type defined as 

Ag|Ge@SiO2|n-Si|Au shown in Fig. 3.8. Ge@SiO2 and P-Ge@SiO2 NP thin film layers 

were deposited on n-type wafers with silver front and gold back contacts. The I/V curves 

were measured for these cells (see Fig. 3.9). As may be seen from Table 3.1, the as 

synthesized concentrations used previously19 were not determined to be the optimal 

concentration for either Ge@SiO2 or the P-doped homologs. Despite each type of NP 

having a different as-synthesized concentration (Ge@SiO2 = 1.5 mol/dm3 and P-

Ge@SiO2 = 0.63 mol/dm3) the best devices were fabricated using films with a quarter of 

the natural concentration. The difference in the as-synthesized concentrations is not due 

to the pH of the QD solutions; as both reagent solutions are at pH 3.9. It can be observed 

that the incorporation of PCl3 into the reaction mixture used for synthesizing the QDs (a 

toluene solution of GeCl4 and LiAlH4 in the presence of tetraoctylammonium bromide) 

slows the initiation of the reaction down (hours versus minutes) and the resulting material 

is a lot less concentrated. Although these two sets of particles are at two very different  
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Figure 3.6. SEM surface and cross-sectional images of films formed from concentrations 

of P-Ge@SiO2 NPs. NPs solutions in DI H2O: 0.630 mol/dm3 (a and f), 0.315 mol/dm3 (b 

and g), 0.158 mol/dm3 (c and h), 0.079 mol/dm3 (d and i), and 0.034 mol/dm3 (e and j). 
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Figure 3.7. Film thickness versus concentration of P-Ge@SiO2 NPs. 

 

concentrations, the relative natural concentration ratio of their highest efficiencies is the 

same as seen in Fig. 3.10.  

The plot in Fig. 3.10 raises two interesting points. First, for both QDs the best 

devices are produced using films grown from 1/4 of highest concentration; even though 

the absolute values are different. We propose this is related to solutions at some value 

below the saturation point, and therefore the deposition rate is more controllable. At  

 

 
Figure 3.8. Schematic representations of the Au|Ge@SiO2|n-Si|Ag test devices. 
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Figure 3.9. Representative I/V curves measured for (a) Ag|Ge@SiO2|n-Si|Au (solid line) 

and (b) Ag|P-Ge@SiO2|n-Si|Au (dashed line). 

 

 
Figure 3.10. Cell efficiencies for (a) Ag|Ge@SiO2|n-Si|Au (black) and (b) Ag|P-

Ge@SiO2|n-Si|Au (grey) at varying relative concentrations of the NP solutions used to 

grow the films. 
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lower concentrations presumably the quality of the films is too variable for a suitable cell. 

This is most likely the reason for the second observation, that the values of devices are 

produced using films grown from 1/8 appear worse than the more dilute solutions. Given 

the potential of short-circuiting the cells with incomplete coverage, this is most probably 

an anomaly.  

 

Table 3.1. Concentration studies of untreated Ge@SiO2 and P-Ge@SiO2. 

QD  Actual concentration 

(mol/dm3) 

Relative  

concentration 

Efficiency  

(%) 

Ge@SiO2  1.5 1 0.0025 

  0.75 1/2 0.0004 

  0.38 1/4 0.013 

  0.19 1/8 0.000 

  0.09 1/16 0.011 

P-Ge@SiO2  1.26 2 0.0014 

  0.63  1 0.0093 

  0.32 1/2 0.018 

  0.16 1/4 0.033 

  0.08 1/8 0.0002 

  0.04 1/16 0.0045 

  

Annealing studies. In an effort to densify the films, we have investigated thermal 

anneal in a stepwise manner. Based upon prior results with silica particles21,22 we first 
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annealed the samples to 200 °C, which has been reported to remove the residual water 

between particles without giving them enough energy to move closer.21,22 Heating to 400 

°C has been reported to aid in packing the thin film better.21 Finally it has been reported 

that heating to 600 °C results in the initiation of melting of the particles resulting in a 

change of shape. The latter would be considered sintering rather than annealing but could 

still be considered useful since the quantum dots are randomly placed in the silica 

particles18 and removing any space between the particles could create a quantum dot 

impregnated glass.21-25  

 SEM images of the top and cross-sectional images of Ge@SiO2 films grown from 

0.38 mol/dm3 solution after annealing at various temperatures is shown in Fig. 3.11. 

There was not much of a difference between any of the samples to be able to definitively 

say that the temperature has a real effect on the films as seen in the graph of Fig. 3.12. 

However, it is worthy to note that in the 600 °C film there were a few areas where 

particles could not be discerned, and it appeared as though there were solid pieces of 

material instead of aggregates of NPs, as seen in Fig. 3.11d.  

XRD analysis of the films also showed that there is little change in the their 

crystallinity upon annealing seen in Figure 3.13. The XRD data shows silicon (002) at 

33.2 2θ, while the silver from the front contacts and aluminum from the sample holder 

showed a broader peak due to the closeness of the peaks with Ag (111) at 38.2 2θ and Al 

(111) at 38.5 2θ. Regardless, these annealed films were studied for efficiency 

improvements, and the results are shown in Table 3.2. Two sets of samples were run. 

First, samples were annealed after deposition, but before the front and back contacts were 

deposited, i.e., Ge@SiO2|n-Si. Second, thermal annealing was undertaken after the front 

and back contact were added, i.e., Ag|Ge@SiO2|n-Si|Au. The data reveals that 

irrespective of at what stage the annealing was performed, heating to 400 °C gave the 

most enhancement in the cell efficiency. However, the increase in efficiency for the cell  
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Figure 3.11. SEM surface and cross-sectional images of as deposited Ge@SiO2 NP thin 

films (a and e) as compared to those annealed to 200 °C (b and f), 400 °C (c and g), and 

600 °C (d and h) for 1 h at each temperature. 

 

with contacts is only 28% over the as deposited film, while the cell without contacts 

efficiency increases 100% indicating a stronger argument for annealing the solar cells 

before placing the contacts on them.  
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Figure 3.12. Film thickness as a function of anneal temperature for Ge@SiO2 NP thin 

films. 

 

Table 3.2. Annealing studies with solar cells. 

Sample Annealing temperature (°C) Efficiency (%) 

Ge@SiO2|n-Sia untreated 0.0075 

 200 0.0000 

 400 0.0150 

 600 0.0000 

Ag|Ge@SiO2|n-Si|Au untreated 0.0025 

 200 0.0016 

 400 0.0032 

 600 0.0010 

a Silver front and gold back contacts were deposited after thermal treatment.  

 

 Airbrushing. Airbrushing has several advantages over the vertical deposition 

method, one of which is the time it takes to create a thin film. Vertical deposition requires 

the water to evaporate on its own time at room temperature with no added energy.  

Depending on how large of a surface that needs to be coated, the time can vary quite  
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Figure 3.13. XRD data of annealed Ge@SiO2 films annealed at (a) untreated, (b) 200 °C, 

(c) 400 °C, and (d) 600 °C. 

 

largely.  For example, when using the vertical deposition method on a 1 x 1 cm2 surface, 

the drying time is approximately three days depending on humidity, room temperature, 

and general air flow in the area. However, for a surface of 2 x 2 cm2, the drying time 

increases to 5-7 days. Sonication is required every few hours to ensure that the particles 

do not settle out of solution during the duration of the deposition. Attempting to coat a 

surface larger than 4 cm2 would be very time consuming and tedious for practical 

applications. Therefore, a different method of making a thin film was investigated. 

Airbrushing has other advantages over the vertical deposition method as well. Not only 

would the film take minutes to produce, but also the time to produce a film does not 

increase much with increased size. A full 3 or 4 in diameter Si wafer could be coated in 

the same time it takes to coat a much smaller surface. Airbrushing is an inexpensive 

procedure that could be very easily integrated into a process facility. Airbrushing is also a 

method used in fabricating organic or polymer solar cells, so it would not be a stretch to 

try using this method to create a thin film for silicon solar cells.26-29  
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 There are several parameters to investigate to optimize this technique: number of 

passes to acquire desired film thickness, concentration of particles, solvent (water, EtOH, 

IPA, mixture of any or all mentioned), distance of the airbrush to the substrate, flow rate 

of the gas going through the airbrush, and finally temperature of the substrate on a hot 

plate (needed for a water only sample). Several solvent (water) only trial runs were tested 

to aid in determining an appropriate gas flow rate and distance of the airbrush to the 

substrate. It has been reported that 20 psi and 6-8 in from the substrate were ideal for 

producing a fine, uniform spray.26-29  

 Once the basic instrument parameters were determined, experimenting with the 

actual film deposition began. Very quickly it was obvious that several passes would be 

necessary to completely cover the surface of a Si wafer. However, if water was used as a 

solvent at room temperature, each pass required at least an hour to dry or else the spray 

would collect together and run or drip off of the substrate along with the particles (as seen 

in Figure 3.14). To combat the time between passes for water, either heat could be 

applied to the bottom of the substrate using a hot plate, or changing solvents to one with a 

lower boiling point like ethanol or isopropanol or a mixture of water, ethanol, and/or 

isopropanol. However, if a solvent change was to be made, the particles would have to be 

rinsed and washed several times, which would get rid of the L-lysine used to create the 

particles. There are reports that suggest that L-lysine actually aids in the organization of 

silica particles during the creation of a thin film.25,30 Due to this fact, adding heat and 

allowing the solvent to dry fully was the preferred solution to the dripping issue. Figure 

3.15 shows the Si wafer surface using ethanol as the solvent with 6 passes of the airbrush. 

It is clear from the SEM image of this sample that airbrushing is not going to be ideal for 

producing a uniform array. Each spray droplet varies in size and never connects properly 

with other droplets. Airbrushing, as a whole, produces very unorganized, splotchy, and 

non-uniform films of particles. Non-uniformity has been previously reported for other 



106 

systems as well.27 Because of these findings, this technique for producing a uniform thin 

film was abandoned.  

 

 

Figure 3.14. SEM image of airbrushed Si wafer at room temperature. 

 

 

Figure 3.15. SEM image of airbrushed Si wafer at 50 °C.  
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Conclusion 

Although extensive research was done on the vertical deposition method, none of 

the films created were ideal regardless of thickness or annealing. Concentration of both 

undoped and phosphorus doped quantum dots was ideal at a quarter of the original 

concentrations of those particles. However, under that level of dilution, the particles were 

too dispersed to make a reliable connection, and the efficiencies decreased beyond that 

point. Annealing also proved useful at 400 °C regardless of the contact being applied 

before or after the anneal step; however, there was more of an improvement if the 

annealing was performed before the metal contact was applied. Using an airbrush method 

as an alternative was also not successful due to the mechanism of particle transport.  

Although airbrushing seemed like a promising method for better thin films, there 

is yet another option in achieving a perfect array. Airbrushing only creates a suspension 

of particles that creates the thin film, which is very similar to the vertical deposition 

method. However, unlike vertical deposition, airbrushing does not allow the particles to 

arrange themselves into more organized areas because the spray is so fine that by the time 

it reaches the surface, most of the solvent has evaporated, leaving just the particles to 

land where they may in their pre-formed droplets. Aerosol assisted chemical vapor 

deposition (AACVD) may be the best option for a uniform array. Not only does AACVD 

have all of the benefits of the airbrushing technique, but it would also allow for a 

completely glassy layer to be produced.31-33 One particular report creates phosphorus 

doped germanium using this method, so it is possible to use this method for solar cells.33 

Additionally, this method can be completely customized with QD concentration, precise 

glass layer thickness, and atmosphere control to ensure that the QDs will not oxidize at 

the higher temperatures required for this method. Figure 3.16 shows a schematic of how 

an AACVD instrument is set up. 

 

 



108 

 

Figure 3.16. Schematic of an aerosol assisted chemical vapor deposition (AACVD) 

instrument.34 

 

Experimental 

General. All materials were obtained commercially and were not further purified. 

Quartz slides (75 x 25 x 1 mm3) were obtained from Chem Glass. Indium tin oxide (ITO) 

coated glass slides (75 x 25 x 1 mm3, 8-12 Ω/sq surface resistivity) came from Sigma 

Aldrich. Characterization of the arrays was performed with a FEI Quanta 400 ESEM 

FEG scanning emission microscope equipped with an EDAX energy dispersive 

spectroscope. X-ray diffraction was performed on a Rigaku D/Max Ultima II configured 

with a vertical theta/theta goniometer, Cu Ka radiation, graphite monochromator, and 

scintillation counter. Plasma cleaning was performed with a Plasma Cleaner 1020 

equipped with 5% oxygen 95% argon gas solution.  

 

Silicon wafers. The silicon wafers were provided by Natcore Technology. They 

provided both p-type and n-type wafers. The n-type wafers were additionally heavily 

phosphorus doped on the back to create a very conductive back surface ready for any 

metal as a contact. The p-type wafers were treated with aluminum paste on the back and 

fired to create an alloy as a conductive material to put any metal on as a contact. Both of 

these wafers were passivated with silica to ensure the dopants remained in the wafers 
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before use. The wafers were cut into 2 x 2 cm2 pieces for experimental use. The oxide 

layer needed to be removed from each piece of wafer before thin films could be 

deposited, and the p-type wafers needed the excess aluminum paste to be removed as 

well to stop the aluminum from contaminating the particles during deposition. The wafers 

were cleaned in buffered oxide etchant for 3 minutes to remove the native oxide layer and 

the excess aluminum paste. The pieces were then cleaned with DI H2O and plasma 

cleaned for 10 seconds to put a very thin oxide layer of about 10 nm back on the surface 

of the wafer. Without the thin oxide layer, the surface is too hydrophobic to allow the 

silica coated particles to come near the surface to create the thin film.  

The efficiency of the QD/Si cells were calculated from the I-V curves detected via 

Keithley 2420 and 2425 High Current SourceMeter with an Oriel Model 81190 Solar 

simulator equipped with a Xenon lamp, including light intensity feedback control.19 The 

intensity of incident light was 100 mW/cm2. The solar cells were kept at a fixed distance 

of 6 inches from the light source for optimal conditions. The cells were attached to two 

leads, one connected to the back contact and the other connected to the busbar of the 

front contact.35 This setup allowed for the measurement of the current produced by the 

cell with change in voltage. 

 

Vertical deposition. To control the array best, a 2 x 2 cm2 silicon wafer was 

placed vertically in a centrifuge tube with the coated QD solution (12 mL) having the 

wafer completely submerged. The solvent of the coated QD solution was DI H2O to 

obtain the most control over the film. The solution with the wafer was then set to dry in a 

fume hood at the solvent’s evaporation pace at room temperature. Not increasing the 

speed of evaporation with heat or vacuum allowed the particles to align themselves at the 

very top of the meniscus while the solvent dried slowly (Figure 3.1). The solution with 

the wafer was sonicated briefly every couple of hours to ensure that the particles were 

evenly dispersed in the sample and not settling over time.  
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 To determine if the amount of material in the solution controlled the thickness of 

the thin film, several samples were made with varying concentrations of QDs. Ge 

QDs@SiO2 varied from 0.094-1.5 M, and P-Ge QDs@SiO2 varied from 0.034-0.63 M. 

These concentrations were based on what the modified Stöber reaction produced for each 

particle. These concentrations were diluted with DI H2O to keep everything consistent for 

comparison, and they were treated identical to the regular vertical deposition samples. 

 Annealing studies were done on these samples as well. A set of four wafers was 

prepared with the same concentration of Ge QDs@SiO2 (0.375 M) to create four very 

similar thin films of the same material at the same concentration. These wafers were then 

each annealed at a different temperature for comparison. One was not annealed at all as a 

control sample. The second wafer was annealed at 200 °C under an inert atmosphere of 

argon in a sealed system in a tube furnace for 1 hr. The third wafer was treated similarly 

at 400 °C, and the fourth wafer was treated similarly at 600 °C. These wafers were 

allowed to rest for 24 hr. after annealing to become reacclimated with the natural 

humidity of the atmosphere.14-18  

 

 Airbrushing. A hand held airbrush that is commercially available was used for 

this technique. Figure 3.17 shows the exact model used for these experiments. The model 

used for these experiments is a Neo CN gravity-feed dual action airbrush by Iwata (sku: 

395327). The substrate used for these experiments were silicon nitride wafers that were 

cleaned in DI water, ethanol, and acetone. The temperature of the deposition ranged from 

room temperature (25 °C) to 50 °C, which was the reading of the hot plate not the 

temperature of the substrate. Argon was used as the carrier gas to deliver the particles to 

the substrate at a pressure of 20 psi an average distance of 6-8 inches from the substrate 

to the tip of the airbrush. The number of passes used to produce a thin film ranged from 1 

to 6 and were either allowed time to dry (10 minutes between passes) or were 

immediately recovered. The solvent used for these experiments was that of the modified 
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Stöber reaction (hexanes/water) without being washed due to the fact that L-lysine has 

been shown to aid in particle organization.25,30  

 

 

Figure 3.17. Iwata hand held commercial airbrush. 
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Conclusions 
 
 This work has shown the successful doping of germanium quantum dots with 

phosphorus along with a new method of creating a thinner silica coating with the 

modified Stöber method. The undoped quantum dots have been proven to act as p-type 

doped particles due to the chlorine on the surface, the amine groups that terminate the 

surface, and the grain boundaries within the particles. Phosphorus doping these quantum 

dots further improved the efficiency of the solar cells and was also p-type doped. The p-

type characteristic of these particles comes from the fact that the phosphorus is on the 

surface acting as an electron-withdrawing ligand, although this is counterintuitive, it does 

make sense and works well in the system. Doping the silica layer surrounding the 

quantum dots was not successful, but that is not an issue since the dots themselves are 

doped. 

 Work on the improvement of the thin film was not very successful with the 

vertical deposition method. Thickness control with varying concentrations of particles 

was not as straightforward as originally thought. Lower concentrations of particles did 

not always yield thinner films; although at law enough concentrations, a small downward 

trend can be noticed. Annealing the films also did not condense the particles to decrease 

film thickness either. Airbrushing was attempted, as an alternative to the vertical 

deposition method, but it also was not fruitful, as the particles would not aerosol but 

rather stay in the droplets. 

 Efficiency studies of all of these particles and parameters were completed, and 

there were some general trends. Phosphorus doped germanium quantum dots produce a 

higher efficiency than the undoped particles. Decreasing the concentration of the particles 

did increase the efficiency to a certain point. Although the film thickness did not reflect 

any significant changes with concentration, the efficiency responded. Below a certain 

concentration, which was different for the undoped particles versus the phosphorus doped 
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particles; the efficiency no longer increased but started to decrease rapidly. This is likely 

due to the fact that as the particle concentration got lower the thin film became less and 

less uniform and had more gaps between particles. Annealing studies showed that 

regardless of when the contacts were placed on the solar cells, the ideal temperature was 

400 °C. Although there are trends, all of the efficiencies are still too low to be beneficial 

for commercial use.  

 There are areas that could be further improved and researched. Creating n-type 

doped germanium quantum dots would be very beneficial in creating an all-quantum dot 

solar cell with a p-n junction. The biggest area that could be improved is the thin film. 

Ideally this would be a perfect array or a continuous glass. As it is right now, there are 

gaps not only between the particles, but there are also areas where the particles are not 

touching the surface of the wafer either. Obviously vertical deposition is not the answer 

to creating a uniform thin film. Further investigation into the aerosol CVD method could 

be the answer to this problem, but there is not sufficient data on this method at the 

moment to prove that definitively.  
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a b s t r a c t

Hydrophilic silicon (0.9 nm) and germanium (2.7 nm) quantum dots (QDs), synthesized
utilizing micelles to control particle size, were coated with silica using liquid phase
deposition. The use of dodecyltrimethylammonium bromide as a surfactant yielded
uniform spheres (Si@SiO2¼57 nm; Ge@SiO2¼32 nm), which could then be arrayed in
three dimensions using a vertical deposition method on quartz plates. The silica coated
QDs were characterized by UV–visible spectroscopy, X-ray photoelectron spectroscopy,
atomic force microscopy, and transmission electron microscopy. The thin films were
characterized by UV–visible spectroscopy, scanning electron microscopy, and the
measurement of a photocurrent.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Ever since Becquerel first observed the photovoltaic
effect in 1839, harvesting solar energy has been a scientific
and commercial goal [1]. The earth’s atmosphere absorbs
more energy in 1 h from the sun than the amount of energy
consumed in 1 year for the entire world [2]. Consequently,
research in the last few decades has focused on finding the
most efficient and cost effective solar cell, in part to limit the
world dependence on oil.

Solar cells are categorized by generation. First generation
solar cells made of silicon wafers are the most widely used
and manufactured in the world; they also have the highest
reported single cell efficiencies for terrestrial applications
(ca. 28%). Second generation solar cells or so-called thin film
solar cells are made of compound semiconductor materials
such as copper indium gallium selenide (ca. 20%) and
cadmium telluride (ca. 17%); they are lower in cost but
have lower efficiencies [3]. Third generation solar cells using

dye-sensitized or organic materials are conceptually the
cheapest designs, but their efficiencies are much lower
(ca. 11%) than all other cells available.

One approach to improved cell performance is the
tandem cell, which, by definition, consists of at least two
p–n junctions with each cell being composed of materials
that absorb different photon energies [4]. The top cell
absorbs the higher energies (shorter wavelength) while the
bottom cell absorbs the lower energies (longer wavelength)
that were not absorbed by the top cell. This technology is
already being put to use in space solar cells based upon III–V
devices, with efficiency of up to 43%. Increased number of
cells in a tandem cell will increase the theoretical maximum
efficiency of the solar cell, but there still remains a limit to
the efficiency: a single cell¼31% [5], two cell tandem solar
cell¼42.5%, three cell solar cell¼48.6%. Unfortunately, the
expense of III–V tandem cells puts them well out of the
important cost range of ‘‘grid parity’’, i.e., producing elec-
tricity at a comparable cost of traditional generation sources
(oil, gas, coal, etc). It is desirable to create a tandem cell
structure that is compatible with present fabrication methods
and facilities.

Green and coworkers have proposed a structure for a
tandem cell using a first generation silicon cell as the bottom
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cell [6–8]. Their concept involves the use of a uniform array
of silicon quantum dots in a matrix of silica as the top cell.
Such a cell would improve a first generation cell’s efficiency
by 20% (Fig. 1). Green and coworkers attempted to make the
silicon quantum dot (QD) cell by using a top down method
from the existing silicon wafer, but found the results were
not consistent in terms of quantum dot size or spacing, and
they could not determine a way to control either of these
parameters effectively using the methods they employed
[6–8]. Thus, it would be desirable for an alternative approach
to be found that allows for the creation of an array of Si QDs
with a uniform spacing within a silica matrix.

We have previously shown that nanoparticles may be
coated with a uniform layer of silica by liquid phase deposi-
tion (LPD) [9], creating a spherical structure comprising a
nanoparticle coated with silica (nanoparticle@SiO2). It has
been shown that spherical silica particles can be arrayed into
uniform structures from solvent suspension [10]. We propose
that combining these two approaches offers a route to Si QD
arrays. As shown in Fig. 2, if a Si QD is coated with a uniform
coating of silica (i.e., Si@SiO2) and the resulting spheres
arrayed, the resulting QD–QD distance will be defined by
the coating thickness. The present work is aimed at demon-
strating such an approach.

2. Experimental section

Tetraoctylammonium bromide (TOAB), silicon tetra-
chloride (99.998%), lithium aluminum hydride (1.0 M in
THF), methanol (Z99.8%), hexachloroplatinic acid hydrate
(Z99.9%), isopropanol (Z99.5%), allylamine (99þ%),

fumed silica (99.8%), hexafluorosilicic acid (34%), and
dodecyltrimethylammonium bromide (DTAB, 99%) were
obtained from Sigma Aldrich; toluene and ammonium
hydroxide (14.8 M) came from EMD; germanium tetra-
chloride (99.99%) was obtained from Acros Organics;
ethanol (200 proof) was obtained from Decon Laboratories.
Solvents were degassed using a freeze–pump–thaw
method. Silicon quantum dot solutions were prepared by
modification of the literature methods [11]. Silicon nano-
crystals (5 nm) in acetonitrile and germanium nanocrystals
(20 nm) in methanol were provided by Universal Nanotech
Corporation. Quartz plates (75"25"1 mm3) were
obtained from Chem Glass. Indium tin oxide (ITO) coated
glass plates (75"25"1 mm 3, 8–12 O/& surface resistiv-
ity) came from Sigma Aldrich.

TEM were performed with a JEOL 2010 transmission
electron microscope at 100 kV with a CCD camera. High
resolution TEM was performed on a JEOL 2100 field emission
gun TEM at 200 kV with a CCD camera. Atomic force
microscopy (AFM) was performed on a Digital Image Nano-
scope IIIA in tapping mode. UV–visible spectroscopy was
performed on an Agilent 8453 UV–visible spectroscopy
system with 1 cm quartz cuvettes. X-ray photoelectron
spectroscopy (XPS) was performed on a PHI Quantera X-ray
photoelectron spectrometer equipped with a differential
argon ion gun with indium foil as a substrate for the samples.
Characterization of the thin films was performed with an FEI
Quanta 400 ESEM FEG scanning emission microscope
equipped with an EDAX energy dispersive spectroscope.

The photoconductivity of the QD@SiO2 thin films was
tested with white light and UV light (254 nm). Indium tin
oxide (ITO) coated glass plates (75"25"1 mm3, 8–12 O/&
surface resistivity) purchased from Sigma Aldrich, were
used as the substrate for films of Si@SiO2 and Ge@SiO2.
The thin film was painted with conductive graphite on part
of the plate that was not coated with the film and on
spots that were coated to make contacts to complete the
circuit. Fig. 3 shows the circuit diagram of the photocon-
ductivity test, and the cross-sectional view of the test setup.
The voltmeter and 0.1 O resistor were placed on a bread-
board with the cell and battery as the diagram indicates.

2.1. Germanium QDs

The entire synthesis of the quantum dots was performed
in a glove box under a controlled nitrogen atmosphere to

Fig. 1. Schematic of a tandem solar cell using a first generation silicon
solar cell and a cell comprised of silicon quantum dots in a silica matrix.

Fig. 2. Schematic representation of a bottom-up approach to Si QD arrays.

Fig. 3. Circuit diagram and experimental setup for photoconductivity test.
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ensure no oxygen was present. A solution of GeCl4 (92 mL,
0.80 mmol) and tetraoctylammonium bromide (TOAB) (1.5 g,
2.7 mmol) in anhydrous toluene (100 mL) was stirred vigor-
ously for 24 h to ensure that the reverse micelles formed
completely and uniformly. LiAlH4 in THF (0.63 mL, 1.0 M) was
added to this solution as a reducing agent, and the solution
was allowed to react for 3 h while continuously being stirred
vigorously. The excess LiAlH4 was quenched using anhydrous
MeOH (15 mL). The quantum dots are hydrophobic at this
point, but they need to be hydrophilic for further experi-
mentation [11]. H2PtCl6 (40 mL, 0.05 M in IPA) was added to
the quantum dots along with allylamine (2.0 mL, 26 mmol);
this mixture was allowed to react until the solution stopped
producing hydrogen gas. This solution is air stable and was
taken out of the glove box to evaporate off the liquid. After
drying, the particles were resuspended in deionized water
(35 mL) and filtered through a 0.2 mm pore filter.

2.2. Silica coated QDs

Prior to coating the quantum dots, an H2SiF6 precursor
solution was saturated with SiO2 to ensure the highest
concentration of H2SiF6; this solution was saturated by
adding fumed silica (3.0 g) to H2SiF6 (50 mL). The mixture
was stirred vigorously for 24 h and filtered through a 0.2 mm
pore vacuum filter [12,13]. The coating is done with a liquid
phase deposition method, and the quantum dots are used to
seed the silica growth. The quantum dots were coated by
vigorously stirring either Si or Ge QD solution (10 mL), DTAB
in deionized water (13.4 mL, 0.117 M), and saturated H2SiF6

solution (6.6 mL) in a plastic centrifuge tube due to the HF
byproduct. This solution was stirred and heated to 30 1C for
6–24 h depending on the desired thickness. After the reaction
was complete, the solution was centrifuged and washed with
EtOH (10 mL) many times to ensure all of the HF byproduct
was removed.

2.3. Silica coated QD thin films

The silica coated QD thin films were prepared on a
1!1 cm2 quartz plate or indium tin oxide (ITO) glass plate
(microscope slide) that was placed vertically in a centrifuge
tube with the coated QD solution (2 mL) having the
plate completely submerged. The solvent of the coated QD

solution varied between pure ethanol, an ethanol/water
mix, and pure water to determine the optimum packing in
the thin film. The solution with the plate was then set to dry
in a fume hood at the solvent’s evaporation pace at room
temperature. The solution with the plate was sonicated
briefly every couple of hours to ensure that the particles
were evenly dispersed in the sample and not settling over
time. To determine if the amount of material in the solution
controlled the thickness of the film, two films were made:
one with the usual amount of coated quantum dots
(1.8 mol/dm3), and the other with coated quantum dots
(1 mL) and deionized water (1 mL) to dilute the solution in
half (0.9 mol/dm3). The results of this test should yield two
identical thin films with the thickness of one-half that of
the other.

3. Results and discussion

Using a modification of a literature synthesis, size
controlled, uniform silicon quantum dots were synthe-
sized by the lithium aluminum hydride (LiAlH4) reduction
of silicon tetrachloride (SiCl4) utilizing a reverse micelle
reaction with tetraoctylammonium bromide (TOAB) [11].
The particles are initially capped with hydrogen making
them hydrophobic; however, a hydrophilic surface is
required for LPD coating [9] and uniform coatings [14].
The nanoparticles were made hydrophilic with amine

Fig. 4. Schematic representation of the hydrophobic to hydrophilic surface modification of Si QD.

Fig. 5. UV–visible spectrum of synthesized Si-QDs and Ge-QDs.
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termini using a platinum catalyst and allylamine (Fig. 4)
[11]. UV–visible spectroscopy of the Si QD solution shows
an absorbance at 300 nm (Fig. 5) consistent with a particle
size of 1.1 nm [11]. This is confirmed by AFM measure-
ments, which give a particle size of 0.970.2 nm.

The as prepared Si QDs were coated with silica using
liquid phase deposition (LPD) because it can be performed
on non-planar surfaces, which is necessary for the quan-
tum dots, and it occurs by heterogeneous nucleation
(unlike sol–gel processes). LPD growth of silica occurs
by the hydrolysis of fluorosilicic acid (Eq. (1)).

H2SiF6þ2H2O"SiO2þ6HF (1)

Although the aqueous soluble hydrophilic Si QDs act as
a suitable template for silica growth, the resulting uni-
form spheres after 3 h of growth are 10076 nm in
diameter (Fig. 6). Unfortunately, this is 410" the dia-
meter that is required for electron transfer in solar
applications [3]. LPD silica deposition is reported as being
linear with time [12], so another coating was made using
only 15 min of reaction time. This time the coating was
much thinner; however, this coating is not uniform in
shape or size (Fig. 7). The diameter of these particles is ca.
10 nm, which is a step in the right direction, but the shape
is not conducive to uniform packing and another
approach is needed to allow for uniform size and shape.

Fig. 6. Representative TEM image of silica coated Si QDs synthesized
using a 3 h reaction time.

Fig. 7. Tapping mode AFM image (320"320 nm2) and associated height
analysis of silica coated Si QDs synthesized using a 15 min reaction time.

Fig. 8. TEM images of Si QD@SiO2 synthesized with DTAB for (a) 24 and
(b) 6 h.
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Synthesizing monodispersed silica spheres without a
seed particle has also been reported with the aid of
dodecyltrimethylammonium bromide (DTAB) as a surfac-
tant [13]. However, the formation of self-standing silica
spheres (in the absence of a nanoparticle seed) is reported
to require a slightly higher reaction temperature (40 1C),
so in the present case we have performed the reaction
below this point (30 1C) to ensure that the Si QDs act as a
seed. Thus for the next set of experiments, DTAB was
added to the solution. Reaction for 24 h gave a coating
(Fig. 8a) just as thick as the coating without DTAB, which
suggests that less reaction time is required to make a
thinner coating of silica. Coating the quantum dots using
only a 6 h reaction time with DTAB results in significantly
thinner coating and hence spheres of 57719 nm in
diameter (Fig. 8b). Attempts to coat commercial Si nano-
crystals (5 nm) resulted in fused spheres.

One of the problems with the characterization of the
coated silicon QDs is that it is difficult to determine the
location of the quantum dot. This is because differentia-
tion of the Si QD from the silica even with HRTEM is
uncertain, while XPS does not allow for conclusive results.
Using a higher density quantum dot such as germanium
would allow for the characterization of the silica coated
material with the help of these analytical methods.

Germanium quantum dots (Ge QDs) were synthesized
in the same manner as the silicon quantum dots, but with
germanium tetrachloride (GeCl4) as the germanium
source, rather than the methods previously reported

[11]. The properties of Ge QDs are not as well defined as
those of silicon. The germanium particles are typically
reported to absorb at a higher wavelength and have an
overall larger diameter than silicon quantum dots [15],
and their physical appearance (very pale yellow color)

Fig. 9. Tapping mode AFM image (2.4!2.4 mm2) and associated height
analysis of as synthesized Ge QDs.

Fig. 10. HRTEM image of GeQD @SiO2 synthesized with DTAB for 6 h.

Fig. 11. High resolution XPS data of (a) Si 2p and (b) Ge 3d.
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and UV–visible spectrum (Fig. 5) are consistent with this.
There is not a published correlation between UV–vis and
particle size (as there is for Si QDs); however, from AFM

measurements (Fig. 9) the Ge QDs were slightly less
monodispersed (2.770.6 nm) than their silicon analogs.

Using the DTAB modified LPD process employed for
the silica coated Si QDs, the Ge QDs were coated. Fig. 10 is
an HRTEM image of a Ge@SiO2 particle synthesized with
DTAB for 6 h; the Ge QD can be clearly seen in the middle
of the silica particle although interestingly it appears to be
off centered. The quantum dot can be seen as being less
than 10 nm away from the edge of the silica in parts and
more than 15 nm away from other edges of the silica. It
should be noted that some coated particles appear to
contain multiple Ge QDs per particle, i.e., Gex@SiO2. The
use of commercial germanium quantum dots (20 nm) was
also investigated, but as with the commercial Si QDs the
spheres appear fused. We propose that the successful
formation of individual spheres of Si@SiO2 or Ge@SiO2, as
compared to fused particles, is due to the hydrophilic

Fig. 12. SEM images of Si@SiO2 films using (a) 1:3 (v:v) EtOH:H2O and
(b and c) EtOH.

Fig. 13. SEM images of a Si@SiO2 films formed from H2O suspension.
Average particle size¼150 nm (a) and 170730 nm (b).
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amine functionalization (Fig. 2), which is absent on the
commercial QDs.

XPS data was also collected on the Ge@SiO2 to deter-
mine if germanium is in the particles. Fig. 11 shows the
high resolution Si 2p and Ge 3d peaks. The Si 2p peak
(Fig. 11a) is consistent with the presence of SiO2 and a
sub-oxide. The Ge 3d peak reveals GeO2 (32.4 eV), in
addition to elemental germanium (28.2 eV), is consistent
with surface oxidation of the germanium QD. The Ge 3d
peak overlaps with the O 2s peak, making quantification
difficult.

Arrays of the silica coated QDs were made by a vertical
deposition method. The coated quantum dots were sus-
pended in a solvent (water, ethanol, or a mix of the two,
see below) with a plate standing vertically, and the
solution was evaporated on its own time at room tem-
perature. This technique allows the particles to align
themselves at the solvent surface on the plate using the

meniscus as a guide. The small size of the Si@SiO2 and
Ge@SiO2 particles make it difficult to image the films, we
therefore initially used the larger 150 nm Si@SiO2

particles.
Since it has previously been proposed that the best

silica arrays are prepared from a 1:3 (v:v) EtOH:H2O
mixture [16], this solvent mixture was tested first. How-
ever, as may be seen from Fig. 12a there are parts of the
plate that are arrayed, but most of the area is sparsely
coated. Attempts to use pure ethanol showed that the
solvent evaporates too quickly such that while arrays are
formed (Fig. 12b) the surface of the film show wave-like
features (Fig. 12c), presumably as a function of changes in
air flow above the sample.

Changing the solvent to pure water results in a much
more uniform array (Fig. 13). From Fig. 13b it is obvious

Fig. 14. Cross-sectional SEM images of Si@SiO2 films made from
(a) 1.8 mol/dm3 and (b) 0.9 mol/dm3 solutions.

Fig. 15. SEM images of (a) the cross section of a film made with
1.8 mol/dm3 of Ge@SiO2 particles and (b) the surface of a film made
from 0.9 mol/dm3 Ge@SiO2 particles.
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that all of the particles are not close packed, but close
packing is not necessary for the resulting application, just
a uniform distance. To have the particles close packed
would yield the best efficiency, but as long as the particles
are touching for the most part, there will still be electro-
nic transfer. The center of the particles are 170730 nm
apart from each other, which means that there is some
close packing with the particles being only 150 nm in
diameter to begin with. The growth solution was soni-
cated every few hours to ensure the particles did not fall
out of solution. As a result, water was be used for the rest
of the thin film growths in this study.

Since a successful array was created, thickness control
needed to be determined. In order to determine whether
solution concentration correlates to the film thickness,
two samples were prepared, one with half the concentra-
tion of Si@SiO2 particles (0.9 mol/dm3). Cross-sectional
SEM images of silica coated silicon films show that
thickness of the array can be controlled with amount of
material in solution (Fig. 14). The full amount (1.8 mol/
dm3) has a thickness of about 16.4 mm, whereas the half
amount (0.9 mol/dm3) has a thickness of about 7.5 mm,
which shows thickness control with sample concentra-
tion. However, the film made with the lower concentra-
tion is not very uniform in thickness across the sample.
UV–visible absorbance was also taken of these arrays to
determine if absorbance changes with array thickness.

Ge@SiO2 particles were also tested for thickness control.
Cross-sectional and surface SEM images (Fig. 15) of a
selected amount of material (1.8 mol/dm3) versus half the
amount of material (0.9 mol/dm3) shows that there is much
less control with these particles. The larger amount of
material produces a very nice uniform film of 45.5 mm thick
across the entire sample, but less material does not array at
all. UV–visible absorbance was taken of the Ge@SiO2 arrays
as well (Fig. 16), which shows (as expected) the absorbance
being proportional to the film thickness. The coated germa-
nium particles absorb much more than a control of silica
particles, confirming the presence of the Ge QDs within the
silica matrix. EDS elemental map confirms the presence of
both silicon and germanium in the array.

Photoconductivity testing was performed on Si@SiO2

and Ge@SiO2 films formed from synthesized QDs. These
thin films were grown from aqueous suspension (1.8 mol/
dm3) on ITO glass instead of quartz. UV–visible absor-
bance measurements compared to ITO glass confirmed
the presence of the appropriate film. The photoconduc-
tivity of the solar cell was tested with white light and UV
light (254 nm). As may be expected from the simple test
setup and potential variability of the packing of the
particles, the results were only obtained on certain areas
of the cell. With white light, only the Ge@SiO2 cell showed
areas of photoconductivity as measured by a 0.2 mV
change in potential, which equals 2 mA of photo-current.
The Si@SiO2 cell showed no photoconductivity for white
light, but this is expected, as the Si QDs do not absorb in
the visible part of the spectrum. The photoconductivity
with 254 nm UV light was greater for both. The Si@SiO2

cell showed a change in potential of 0.4 mV under UV
light, which is equal to 4 mA of photo-current; the
Ge@SiO2 films showed a photo-current of 7 mA under
UV light. Although the photoconductivity of the cells was
variable across the sample surface, these are positive
results suggesting that the cells, with further improve-
ment and optimization, could be completely
photoconductive.

4. Conclusions

Silicon or germanium quantum dots were successfully
coated with silica using an LPD method to create Si@SiO2

and Ge@SiO2 particles. The coating thickness could be
controlled with reaction duration and the presence of
DTAB as a surfactant. In the case of the germanium,
location of the QD in the silica matrix could be deter-
mined with the help of HRTEM. Thin films were success-
fully produced when the particles were suspended in
water and allowed to assemble with the vertical deposi-
tion method. Thickness was controllable for Si@SiO2

particles but less so for the Ge@SiO2 particles. While the
resulting films are not a true uniform array of silicon
quantum dots in a matrix of silica, they do represent a
distribution of QDs with a narrow range of intra QD
distances. Our future goals are aimed at refining the QD
coating and particle size to create arrays suitable for
optoelectronic applications.
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a b s t r a c t

Monodispersed silica nanoparticles 20 nm in diameter were synthesized with germanium
quantum dots (QDs) as seeds using a modified Stöber process. The resulting structures
comprise of germanium QD core within a silica sphere (Ge@SiO2). Films of the Ge@SiO2

Stöber particles result in an average QD…QD distance of 9.6 nm, which is less than the
maximum distance required for good electron transfer (10 nm). Thus, this method repre-
sents an efficient alternative to the previously reported liquid phase deposition (LPD) of
silica on Ge QDs where many silica particles contained more than one QD, resulting in a
wide range of QD…QD distances.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Solar energy represents a potential alternative clean
energy generation source. Unfortunately, it is presently
unable to compete with traditional hydrocarbon combus-
tion in terms of cost per kW/hour. If solar is to compete (in
the absence of government subsidies) it must either have a
lower cost or higher efficiencies than those currently
available. Efforts are ongoing to create low cost solar cells
[1–4]. On the other hand one method of improving solar
cell efficiency is through the creation of tandem solar cells,
which have multiple p-n junctions allowing the absorption
of many wavelengths of light [5,6]. The majority of tandem
cell designs are based upon III-V semiconductor cells [7];
however, Green and co-workers proposed a unique appr-
oach to the inclusion of a tandem layer into first genera-
tion silicon solar technology [8–10], by the inclusion of an

array of semiconductor quantum dots coated within an
insulating material. The major drawback with this struc-
ture is that fabrication on a large scale is difficult, in
particular the control over the QD size and the QD…QD
distance [8–10]. In seeking an alternative approach, we
have recently proposed that if a suitable silicon or germa-
nium QD were coated with a uniform coating of silica (i.e.,
Si@SiO2 or Ge@SiO2), then arraying the resulting spheres
would result in a QD…QD distance defined by the coating
thickness (Fig. 1) [11].

Our initial attempts involved the coating of hydrophilic
Si or Ge QDs with silica using liquid phase deposition
(LPD). Unfortunately, while some silica particles were
prepared with a single QD inside (e.g., Ge@SiO2), others
showed evidence for multiple QDs per silica sphere, i.e.,
Gex@SiO2 [6]. Furthermore, while films of both Si@SiO2

and Ge@SiO2 showed good photocurrent indicating a
sufficient number of QD…QD distances were within the
10 nm required for electron transfer to be possible [8–10],
transmission electron microscopy (TEM) analysis sug-
gested that these were not a majority. A second issue
involved the hydrofluoric acid waste produced during the
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LPD process using hexafluorosilicic acid as the silica
precursor [12]. What is needed is a method that can
reproducibly produce solely individual Si or Ge QDs within
single silica particles of a suitable diameter such that thin
films will maximize the fraction of QD…QD distances that
are within the 10 nm limit.

In 1968, Werner Stöber published a method of creating
spherical, mono-dispersed silica nanoparticles ranging in
size from 50 nm to 2 μm [13]. Although mono-dispersed
particles are produced using this original method, they
cannot be synthesized with small enough diameters for
our present application. However, Yokoi et al. have reported
that by catalyzing the hydrolysis reaction used to make the
silica particles with a bulkier organic base such as L-lysine,
mono-dispersed silica nanoparticles as small as 12 nm have
been reported [14,15]. Based upon this result, we propose
that germanium QDs can be coated with a thin layer of
silica by using the modified Stöber method with a bulky
base and using the germanium quantum dots as seeds. The
results of this study are reported herein.

2. Experimental

2.1. Materials and methods

Tetraoctylammonium bromide (98%), lithium aluminum
hydride (1.0 M in tetrahydrofuran), chloroplatinic acid
hydrate (99.9%), allylamine (99þ%), and L-lysine (97%) were
obtained from Aldrich Chemical Company. Germanium tet-
rachloride (99.99%) was obtained from Acros Organics.
Tetraethoxysilane (TEOS) (99.999þ%) was obtained from
Alfa Aesar. Ethanol (200 proof) was obtained from Decon
Laboratories. Toluene (99.98%) was obtained from EMD, and
was distilled under argon prior to use. Methanol (Z99.8%)
was dried by refluxing over Drierite (CaSO4) then distilled
over dried 4A molecular sieves, and hexanes (Z98.5%,
mixture of isomers) were obtained from Sigma Aldrich.
Unless noted, the chemicals were used without further
purification.

UV–visible absorption spectroscopy was performed
with an Agilent 8453 spectroscope. X-ray photoelectron
spectroscopy (XPS) was performed using a PHI Quantera
X-ray photoelectron spectroscope. Silicon wafers cleaned
with RCA-I and RCA-II treatments were used as the
substrate for film growth [16]. High resolution TEM was
conducted using a Jeol 2100 field emission gun transmis-
sion electron microscope (200 kV) using CCD camera
capture.

Hydrophilic germanium quantum dots capped with
amines were synthesized using a previously reported proce-
dure [11]. The quantum dots were analyzed with UV–visible
spectroscopy using a 1 cm quartz cuvette to verify presence
of the quantum dots. Solutions were pale yellow in color and
showed an absorption at 260 nm. All reactions were carried
out in air unless otherwise noted.

The photoconductivity of the Ge@SiO2 thin films was
tested with white light. Indium tin oxide (ITO) coated glass
plates (75"25"1 mm3, 8–12 Ω/sq surface resistivity)
purchased from Sigma Aldrich, were used as the substrate
for films of Ge@SiO2. The thin film was painted with
conductive graphite on part of the plate that was not
coated with the film and on spots that were coated to
make contacts to complete the circuit [11].

2.2. Coating of germanium quantum dots by the unmodified
Stöber method

The reaction was carried out in a 100 mL round bottomed
flask. Methanol (35.0 mL), Ge QD solution (4.0 mL in DI H2O),
and ammonium hydroxide (4.0 mL, 32%) were added to the
flask and stirred with a magnetic stir bar for 10 min at room
temperature. To this was added TEOS (7.0 mL, 31 mmol) drop
wise over the course of approximately 5 min. After addition
of half of the TEOS, the reaction turned a translucent white.
Upon addition of all of the TEOS, the reaction was an opaque
white. The reaction was stirred overnight. The particles were
washed by centrifugation 3 times each with EtOH and
deionized (DI) water. The washed pellet remained opaque
white. They were then stored in DI water.

2.3. Coating of germanium quantum dots by the modified
Stöber method with L-lysine

The reactions were all conducted in a 1.5 mL micro-
centrifuge tubes at room temperature. In a typical reaction
hexanes (0.06 mL), L-lysine (1.0 mg, 6.8 mmol), and the
quantum dot solution (1.05 mL in DI water) were mixed in
the microcentrifuge tube at room temperature for 10 min,
followed by a dropwise addition of 0.09 mL TEOS. As an
alternative the concentration of QDs was reduced by 50%
by the use of 0.52 mL of the quantum dot solution while
the total volume of the reaction was maintained by the
addition of 0.52 mL DI water. A control reaction was run
using hexanes (0.06 mL), L-lysine (1.0 mg, 6.8 mmol), and
DI water (1.05 mL) with TEOS (0.09 mL, 0.40 mmol). For all
reactions stirring was then followed by a period of 24 h
without stirring. The reaction containing the quantum dots

Fig. 1. Schematic representation of a bottom–up approach to Ge QD arrays.
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became cloudy white, and the control remained clear.
The reactions were then centrifuged for 10 min. Only the
reaction with the quantum dots had any visible sediment,
which was a pale yellow. The supernatant liquid was clear,
indicating that there was a low to zero concentration of Ge
QDs in the liquid. The sediment was washed 6 times with
EtOH and 3 times with DI water, and was then stored in DI
water. It was a cloudy, very pale yellow. The experiment
was also repeated following the same procedure as listed
above with the exception that the reactions were only
allowed to stir for 12 h prior to sitting for 24 h. A summary
of the various reactions is given in Table 1.

3. Results and discussion

While the original design of a tandem cell layer by Green
and co-workers used Si QDs within a silica matrix due to the
method of manufacture [8–10], Ge QDs are ideal for

laboratory experiments because they can be easily produced
with inexpensive, clean materials, and their quantum con-
finement is relatively large (11.5 nm), thus making their
production easier than quantum dots with smaller Bohr radii
[17]. They also are distinguishable from silica in transmission
electron microscope (TEM) images, unlike silicon quantum

Table 1
Summary of experiments.

QD solution (mL) TEOS (mL) MeOH (mL) Hexanes (mL) NH4OH (mL) L-lysine (mg) DI H2O (mL) Time stirred (h)

4.0 7.0 35.0 4.0 12
1.05 0.09 0.06 1.0 12
0.51 0.09 0.06 1.0 0.51 24
1.05 0.09 0.06 1.0 24

0.09 0.06 1.0 1.05 24

Fig. 3. UV–visible spectrum of synthesized Ge-QDs.

Fig. 2. High resolution TEM image of a typical Ge QD particles. Fig. 4. TEM image of non-uniform Ge QD-SiO2 composite particles
showing the location of the Ge QDs on the surface of the Stöber particles.

Fig. 5. TEM image of SiO2 particles prepared by the same methodology as
used for those shown in Fig. 4.
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dots [11]. A representative TEM image of the Ge QDs
prepared herein is shown in Fig. 2, while the UV–visible
spectrum is shown in Fig. 3.

The particles produced using the unmodified Stöber
method were analyzed by TEM. A representative example
is shown in Fig. 4, showing that while the reaction
produced spherical nanoparticles incorporating the Ge
QDs, they appear to be coating the outside of the SiO2

particle rather than incorporated within the nanoparticle
as intended (i.e., compare Fig. 4 with the ideal structure
shown schematically in Fig. 1). Furthermore, these parti-
cles are not mono-dispersed, unlike the typical Stöber
particles (Fig. 5). This result suggests that the QDs did not
seed the formation of the silica nanoparticles. Since these
do not meet our requirements, no further analysis of these
particles was conducted.

In the case of the Ge QDs coated by the modified Stöber
method in the presence of L-lysine, the as prepared
samples were analyzed with XPS. The high resolution Si
2p and Ge 3d spectra (Fig. 6a and b, respectively) con-
firmed the presence of Si–O bonding environment
(102 eV), SiO2 (104 eV), elemental Ge (27.5 eV), and oxi-
dized germanium, GeO2 (29 eV) [11,18]. The presence of
germanium peaks is evidence that the particles were
either adhered to the surface or imbedded within the
silica. If they had not bonded with (or become imbedded
within) the silica particles, they would not be present post
washing in the XPS analysis due to their hydrophilic
nature.

TEM analysis confirms that the QDs are actually coated
with, not just on the surface of, the silica (Fig. 7a and b).
However, we note that not all the particles are ideal core
shell (c.f., Fig. 1) and some show the presence of a single
Ge QD at the edge of a SiO2 particle. However, the
important observation is that the Ge QDs are uniformly
dispersed throughout the film rather than aggregated on
the surface of SiO2 particles as seen in Fig. 4. From the TEM
images it is possible to determine the nearest neighbor
QD…QD distances within the films. The distribution for the
Ge@SiO2 particles produced with stirring for 12 and 24 h is
shown in Fig. 8a and b, respectively. From this data an
average distance of 9.0 nm and 10.3 nm is calculated,
showing the ability to control the QD…QD distance
through reaction time. As may be expected with increased
reaction time, and increased particle size, the standard
deviation of the QD…QD distance also increases from
2.6 nm to 3.4 nm. Irrespective of reaction time, however,
the majority of the QDs are close enough to neighbors to
allow electron transport [8–10]. It is also important that
the particles have a small size distribution so that they will

Fig. 6. High resolution (a) Si 2p and (b) Ge 3d X-ray photoelectron
spectra of Ge@SiO2 nanoparticles.

Fig. 7. Representative TEM images of Ge@SiO2 prepared with (a) 12 h and (b) 24 h reactions.

H. Rutledge et al. / Materials Science in Semiconductor Processing 17 (2014) 7–1210



131 

array with minimal defects. In this regard, the particles are
spherical and mono-dispersed. It is interesting to note,
however, that with longer reaction times the average
particle size for the silica is smaller (see Fig. 9). This
suggests that with increased reaction times aging of the
silica particles occurs.

The differences between the particles formed by the
modified Stöber method in the presence of L-lysine (Fig. 7)
and those produced when using the unmodified Stöber
process (Fig. 4) indicate that the particles are forming by
different growth mechanisms. It is commonly thought that
Stöber particles begin through a nucleation process [19]. In
the case of the less bulky base, ammonia, the nucleation is
less hindered, perhaps not allowing the quantum dots to
act as seeds. When using L-lysine, the germanium quan-
tum dots were able to act as seeds, possibly due to the
nucleation process being more hindered.

Photoconductivity testing was performed on Ge@SiO2

films from samples prepared for 24 h. These thin films
were grown from aqueous suspension on ITO glass instead
of quartz [11]. UV–visible absorbance measurements com-
pared to ITO glass confirmed the presence of the appro-
priate film. The photoconductivity of the solar cell was
tested with white light. As may be expected from the

simple test set-up and potential variability of the packing
of the particles, the results were only obtained on certain
areas of the cell. With white light, the Ge@SiO2 cell
showed areas of photoconductivity as measured by a
6.3 mV change in potential, which equals 6.3 mA of
photo-current. This is significantly higher (2 mA) than
our previous results for Ge@SiO2 films prepared using
the LPD method, which is consistent with closer (and
more consistent) spacing of the Ge QDs (see Fig. 8).

4. Conclusions

Germanium QDs were successfully coated with a thin
layer of silica using a modified Stöber process with
L-lysine. The unmodified process was unsuccessful, indi-
cating that the bulkier base made it possible for the
quantum dots to seed the synthesis of the particles. In
comparison with our previously reported LPD method, the
modified Stöber process produces a more uniformmaterial
in which each QD acts as a seed to a silica particle. Most
importantly, in thin films of the Ge@SiO2 particles the
majority of nearest neighbor QD…QD distances are within
the 10 nm limit required for photoconductivity. Finally, the

Fig. 8. Distance between adjacent Ge QDs for films deposited of Ge@SiO2 particles prepared with (a) 12 h and (b) 24 h reactions times.

Fig. 9. Particle sizes of the SiO2 Stöber particles Ge@SiO2 particles prepared with (a) 12 h and (b) 24 h reactions times.
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use of the modified Stöber process eliminates the necessity
of dealing with the HF waste from the LPD method.
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Doping silicon nanocrystals and quantum dots

Brittany L. Oliva-Chatelain,a Thomas M. Ticichb and Andrew R. Barron*a,c,d

The ability to incorporate a dopant element into silicon nanocrystals (NC) and quantum dots (QD) is one

of the key technical challenges for the use of these materials in a number of optoelectronic applications.

Unlike doping of traditional bulk semiconductor materials, the location of the doping element can be

either within the crystal lattice (c-doping), on the surface (s-doping) or within the surrounding matrix

(m-doping). A review of the various synthetic strategies for doping silicon NCs and QDs is presented,

concentrating on the efficacy of the synthetic routes, both in situ and post synthesis, with regard to the

structural location of the dopant and the doping level. Methods that have been applied to the characteriz-

ation of doped NCs and QDs are summarized with regard to the information that is obtained, in particular

to provide researchers with a guide to the suitable techniques for determining dopant concentration and

location, as well as electronic and photonic effectiveness of the dopant.

1. Introduction
A nanocrystal (NC) is ordinarily defined as a material particle
having at least one dimension smaller than 100 nanometres and
composed of atoms in either a single- or poly-crystalline arrange-
ment. If the dimensions of a NC are smaller than twice the Bohr
radius of the material it is made of, then quantum confinement
occurs.1,2 A quantum dot (QD) is a crystalline nanoparticle (nano-
crystal) that has a diameter small enough to induce quantum
confinement.3 For example, silicon’s Bohr radius is 5 nm; if a
Si-NC were <10 nm, it would be considered a Si-QD.2,4,5 However,
we note that the quantum confinement is comparatively weak for
NCs larger than the Bohr radius as compared to those that are
smaller than the Bohr radius. These particles exhibit different
electronic behaviour from the bulk material. The band gap of
bulk silicon is 1.12 eV, but the band gap of Si QDs is much larger
and depends on the size of the particle. Although, the first
quantum dots were discovered by A. A. Onushchenko in 1981 as
copper(I) chloride nanocrystals, it was not until 1992 that Brus
and co-workers reported the first silicon quantum dots.3,6

Once quantum dots were discovered to have tunable band
gaps, it was only natural to try using them for improved solar
cell applications. The majority of studies employing QDs (or
NCs) in solar applications have been for compound semi-

conductor materials such as CdSe and PbS.7 However, silicon-
based cells make up 90% of the current solar market, and thus
the enormous infrastructure dedicated to Si-based fabrication is
already in place. It makes sense, therefore, to try to increase the
efficiencies of traditional cells before creating a completely novel
solar cell that may require completely different manufacturing
techniques. Furthermore, using Si QDs on Si wafers in existing
fabrication facilities would not add any unwanted impurities in
the sterile environment that Si wafers require for production.

In a simple enhancement of current Si-based solar cell
efficiency results from the porous Si-QD film induced increase
of light absorption.8,9 The solar cell efficiency may be further
improved as the efficiency of down-shifting short-wavelength
light to red light by Si-QDs increases. The enhancement with
this approach is ca. 1%; however, where real improvements are
expected is in the use of a QD tandem cell. In this regard,
Martin Green’s group has suggested the incorporation of a
Si-QDs tandem layer onto a traditional Si-based cell.5,10–14 Fig. 1

Fig. 1 Schematic of two different tandem solar cells using a first gene-
ration silicon solar cell and cells comprised of silicon quantum dots in a
silica matrix. Reprinted with permission from ref. 5.
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shows a schematic of a QD based tandem cell in which the
upper QD layer absorbs at shorter wavelengths (higher energy)
of the electromagnetic spectrum compared to the bulk
material. Silicon wafers absorb mostly in the visible region of
the electromagnetic spectrum, while Si QDs absorb further
into the UV region.15 Adding the QDs on top of the Si wafer
would allow for a broader energy range of photons to be
absorbed and used to create a photo-induced current.
However, the quantum dots will not be able to produce a
current without a small separation between them with an
insulator such as SiO2, keeping the solar cell as an all-silicon
solar cell. The QDs should be no more than a few nanometers
apart in order to produce a current.5,10–14

A critical attribute required for the successful fabrication of
an all-Si tandem cell is the ability to create both n- and p-type
layers of Si QDs through appropriate doping. For group 14
elements like silicon, an n-type dopant is usually an element
from group 15 of the periodic table like phosphorus, while
p-type material needs electron deficient material such as boron
from Group 13 of the periodic table. If Si QDs dots are to be
used in all-Si solar cells, doping them to form p–n junctions is
a necessity depending on the cell structure. The process to
dope QDs should be well defined and controlled. This review
summarizes state-of-the-art research on fabrication of p-type
or n-type doping of silicon QDs. In addition, given the more
extensive research into the doping of silicon NCs (i.e., 100 ≤ d
≥ 5 nm) and the lessons that may be learnt from these studies
we have not differentiated between NCs and QDs. However,
where a clear preference was used in the original literature we
have kept the nomenclature as used therein.

2. Categorising dopants at the nano
scale
Doping of a traditional bulk semiconductor may be achieved
in a number of ways: substitution of a lattice site, interstitial
impurity, or (in the case of compound semiconductors) anti-
site substitution.16 In a bulk material the level of doing ranges
from 1013–1018 cm−3. Translating this level of dopant to a
nanocrystal presents a problem of scale. As noted above, a
typical Si QD has a diameter in the range of 5 nm, which
correlates to approximately 3900 atoms. In order to create a
dopant level similar to bulk dopants (1013–1018 cm−3) this
would require 1 atom per 105 QDs at the low level and 7 atoms
per QD at the highest level. Clearly this means that below
ca. 1.4 × 1017 cm−3 only a fraction of the NCs would be
“doped”. So it appears that the traditional view of doping semi-
conductors loses meaning at the nano scale. Herein, we define
dopants of the crystal lattice of the QD (or NC) as a c-dopant
(c = crystal lattice), see Fig. 2a.

An alternative view of doping at the nano-scale involves
surface functionalization or substitution at the interface
between the nanoparticle and the surrounding matrix. In this
case the dopant element would act as an electron donor
(which injects electrons and therefore acts as a n-type

material) or electron withdrawing group (resulting in the equi-
valent effect as injects holes and therefore acting like p-type
doped material). In this case, the dopant effect of a particular
element may be different from that expected based upon
lattice substitution. This type of dopant is defined as s-dopant
(s = surface), see Fig. 2b.

Finally, researchers have found that doping of a dielectric
matrix (i.e., SiO2) surrounding NCs has an effect that can be
likened to doping the QDs. Even though this is not doping in
the strictest sense, the electronic effects are similar to NC
doping. Furthermore, it may be thought of as an analogue to
modulation doping, which is observed in semiconductor
heterojunction superlattices.17 As such these are included in
the present review. This class of dopant is termed m-dopant
(m = matrix), see Fig. 2c. Although spectroscopy appears to
indicate no direct bonding of the element to the NC surface,
we note that it is difficult to differentiate the effects of s- and
m-dopants. We note that the effects of a matrix dopant such as
P may not be as an electronic dopant to the NC, but to aid con-
ductivity between the NCs.18 Gutsch et al. have reported that
as SiO2 thickness goes from 4 to 1 nm, the current increases
orders of magnitude and hence experimentally demonstrated
the necessity of ultrathin barriers to achieve charge transport
when using SiO2 as a barrier material. They proposed that the
mechanism for an electron to tunnel from one Si NC to
another is best understood as “defect-assisted band-to-band”
tunnelling, which halves the energy barrier for tunnelling.18

The dopant effect of altering the barrier to electron transport
between NCs is supported by the computational and experi-
mental work of Konig et al.19 They showed that the introduc-
tion of a single phosphorus atom in SiO2 shows a reduced
transport barrier for electrons and holes by 97% and 85%,
respectively, which results in a net increase in conductivity.
They concluded that such dopants cause a massive increase in
conductivity of P-doped SiO2, while not working as a donor.

It is of course worth noting that these three types of
dopants may coexist in reality. This is particularly true when
the level of dopant is higher than the solubility limit in the
silicon. For example, it is reported for B and P hyper co-doping
in Si NCs by non-thermal plasma,20,21 that while the solubility
of B and P in Si is 1% and 0.3%, respectively, dopant signifi-
cantly higher levels were achieved (B = 7–31%; P = 4–18%).
Thus, the excess dopant concentrations beyond that must be
on the surface and most probably inactive. If an analogy can
be made with bulk semiconductors, then seminal work by

Fig. 2 Schematic representation of (a) c-, (b) s-, and (c) m-dopants for
semiconductor nanocrystals.
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Pearson and Bardeen would suggest that over 0.3% B or over
0.1% P would result in a transition from semiconductor to
semimetal.22

The issue of doping is further confused by the difference
between the dopant element being present and the dopant
element being active. Theoretical study on P doping on the
surface, within, and replacing dangling bonds in Si QDs have
shown that P would most likely prefer a subsurface substitu-
tional location, which would allow it to be electronically
active.21 If there are two P atoms, however, then there is no
unpaired electron, and the dopant elements are no longer elec-
tronically active; the QD will act as if it were undoped. On the
other hand it was determined that if the P atom passivates a
dangling bond on the surface of the QD, it also does not have an
unpaired electron to change the band gap any longer, and the
material acts as if it were undoped.21 However, if another P atom
were doped in the Si QD with a passivated P atom in a dangling
bond, then the QD would be electronically active again.

3. Synthetic strategies
The synthetic strategy employed in doping silicon NCs
depends, in part, on the class of dopant required (see above).
However, within the literature there are several approaches
that have been reported where the result can depend on reac-
tion conditions and on the dopant element. The following is,
therefore, aimed at summarizing the different synthetic strat-
egies while indicating (when known) the resulting dopant
structure. Table 1 summarizes all of the dopant types and
levels that can be produced using various synthetic methods
that have been described in this section.

3.1 Doping during synthesis

One of the strategies to dope nanocrystals is to do so during
synthesis so the dopant element is incorporated without
additional steps. There are several methods to dope during
synthesis; however, the final physical location of the dopant
element depends on the route. The synthetic methods may be
divided into those that are bottom up (from atomic or mole-
cular precursors) or top down (from bulk materials).

Solution synthetic methods for NCs have become widely
used for a wide range of materials, in particular for compound
semiconductors, since the first reports of a suitable silane
elimination reaction.71–73 Solution routes are also applicable
for silicon NCs, in which suitable precursors are reacted in an
inert atmosphere to reduce the possibility of oxidation. The
most common reaction involves the reaction of the appropriate
chloride (SiCl4) with a suitable reducing agent (LiAlH4 or Mg)
in the presence of a suitable capping agent such as tetraoctyl-
ammonium bromide (TOAB).74,75 Doped NCs are prepared
using a dopant in the reduction solution. By this method it is
generally assumed that adjusting the concentration of the
dopant precursor in the reaction can control the dopant con-
centration. However, this pre-supposes the reaction rates are
the same for all species.76

Reduction of a mixture of SiCl4 and PCl3 with Mg results in
P-doping at about 6% atomic concentration in silicon nano-
crystals (5–12 nm).54 In a similar manner, Mn has been
reported at dopant concentrations of 5–15% through the reac-
tion of Mn doped Zintl salts (NaSi1−xMnx) with ammonium
bromide.68

Doping methods that involve ligands on the surface of the
particle do not have dopant concentrations or carrier concen-
trations to measure although there is an obvious change in the
electronic properties of the material.76 There are a couple of
advantages here: the use of common reagents, conventional
bench top chemistry methods, and the ability to scale the syn-
thesis. However, there are a couple of drawbacks: tunability of
the NC size is difficult, and the use of a Schlenk line or glove-
box is required to control the oxidation of the particles.

A wide range of chemical vapour deposition (CVD) processes
have been employed for the fabrication of doped silicon NCs,
including: low pressure chemical vapour deposition (LPCVD),77

spray pyrolysis CVD,23,66 very high frequency plasma CVD (VHF
CVD),78 plasma enhanced CVD (PECVD),48,79,80 low pressure
microwave plasma CVD,24,25,49–51,81 and non-thermal plasma
CVD.81 There has been a recent review of efforts to dope Si NCs
synthesized by plasma routes.27

Typically, the in situ chemical synthesis methods rely on the
use of ca. 1% dopant carrier gas (phosphine or diborane)
diluted with helium and various gas pressure was used in the
reaction chamber.48,50,78–80 Varying the ratio of silane to

Table 1 Summary of dopant concentrations achieved with selected
synthetic methods

Doping
element Method

Concentration
(atomic%)a Ref.

B CVD 0.004–31 23–26
B Plasma synthesis 0.1–0.3 27
B Laser ablation <10 28
B Co-sputtering <28.1 10, 13, 20, 29–45
B Ion implantation <0.00001 46, 47
P CVD 0.003–20 24–26, 48–53
P Plasma synthesis 0.06–5.6 27
P Solution 6 54
P Laser ablation <7 28, 55
P Co-sputtering <7.2 5, 11, 32, 33, 35–37,

40, 42–45, 56–60
P Ball milling 0.01 61
P E-Beam

lithography
0.06 62, 63

P Ion implantation <0.6 46, 64
P Electrochem.

etching
0.09–10 65

Er CVD 2–4.6 66
Er Co-sputtering 0–0.07 67
Mn Solution 0.5–15 68, 69
Sb Co-sputtering 0.5 10
Au Ion implantation 0–002–0.06 64
N (NH3) Gas adsorption 0.004 70
N (NO2) Gas adsorption 0.04 70

a It should be noted that values presented herein are as reported in the
appropriate literature, and represent a total “dopant” concentration in
the sample and not necessarily the levels within the NC.
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dopant was also investigated to control dopant
concentration.48–50,82 Boron dopant levels in nanocrystals
produced with these methods have a reported range as follows:
1018–1022 cm−3.23–25 Phosphorus dopant levels in these
nanocrystals have a reported range as follows: 1018–1022

cm−3.24,25,49,50 Several groups reported dopant concentration in
atomic% instead of [dopant]. Erbium has been doped between
2–4.6%,66 and phosphorus was doped between 4–9%.81

Although requiring a post-deposition anneal, molecular
beam epitaxy (MBE) has been used to synthesize doped NCs.
With the use of electron beam evaporation of silicon the
dopants are introduced during evaporation with a solid source
effusion Knudsen cell for the sublimation of boron and a solid
source effusion cell of GaP for phosphorus. All of these
elements are deposited on Si wafer substrates, and then
annealed post deposition to create nanocrystals. None of the
researchers that have reported this method provide detailed
parameters used to control dopant concentration, but they
report dopant concentrations. Phosphorus concentration was
varied 0.5–8% with no specifications on control.83

Co-sputtering with an associated anneal is related to the
MBE approach in delivery of components in their elemental
form, albeit as clusters rather than individual atoms. In this
case the films are annealed to create nanocrystals inside of the
deposited thin film containing the dopant. Due to the uni-
formity of the thin film created, the dopants are widespread
and incorporate into the nanocrystals with annealing. Accord-
ing to several researchers, the number of boron (or erbium)
chips on the sputter target controls concentration;29–31

controlling this variable yields 0–14% boron,29–31,84 or erbium
at 0.02–0.07%.67 Controlling the starting concentration of
phosphorus or boron in the sputter target was also reported to
control the dopant level in the resulting material.33,56–59 Phos-
phorus concentration from varied starting material ranges
from 0–1.8%;33,56–59 boron concentration from varied starting
material ranges from 0–1.25%.33,57

Controlling the radio frequency power supplied to the
dopant targets is the most widely reported aspect to control
dopant levels.5,10–13,34,35 Boron concentration varied from
0–5.43%.10,13,32,33 Phosphorus concentration varied from
0–3.02%.5,11,35 Antimony doping was also successfully pro-
duced by this method with 0.5% dopant concentration.10

Imakata et al. reported that a carrier concentration of 1020

cm−3 corresponds to roughly 1.4 dopant atoms per nanocrystal
(3 nm in diameter) consistent with c-type doping.36

Controlling the areal ratio in the boron or phosphorus
targets can also control the dopant concentration in the result-
ing material.36 Phosphorus was doped at a range of 0–0.61%;36

boron was doped at a range of 0–1.16%.36 Some did not report
the method of dopant control, but reported the level of dopant
in the resulting material.20,32,37–45,60 Phosphorus dopant range
from these reports was 0–7.2%;20,32,37–40,42–44,60 boron dopant
range from these reports was 0–28.1%.20,32,38–43,45

As a variation on evaporation and sputtering, laser ablation
allows for dopant concentration control through variation in
the concentration of the dopant in the starting solid targets.

Phosphorus concentration was reportedly controlled in the
ranges of 0–7%.28,55 Fukata suggests that the carrier concen-
tration in the phosphorus doped material between 1–7% is on
the order of 1019 cm−3.28 That same group reports boron
doping in the range of 0.5–10% from the starting concen-
tration in the targets.28

As a true top-down approach, electrochemical etching starts
with a doped wafer, which is subsequently etched to break
down the bulk structure to the nanoscale. Once that is com-
plete, the particles are then annealed to create nanocrystals.
Any dopant is present in the starting wafer. Although the start-
ing material is doped and the subsequent NCs still contain the
dopant element, the electronic properties of these etched
materials were found to be equivalent to the undoped intrinsic
material.85 This was found to be due to the dopant atoms
being isolated on the surface and being completely oxidized.
Thus, the dopant elements were no longer electronically active
as charge carriers.85

Ball milling begins with a doped Si wafer and is physically
ball-milled until a fine powder appears, which contains doped
nanocrystals. The phosphorus dopant concentration of the
original doped Si wafer was 1015 cm−3, but the dopant level in
the nanocrystals was found to be 1018 cm−3.61 It has been
suggested that the formation energy of an impurity in a NC
increases with decreasing NC size, which makes doping more
difficult.86,87 This also helps to explain why it is easy to anneal
the impurities away from the NC since the impurity will be
less stable in smaller NCs. As such supports the idea of “self-
purification” of NCs, and explains why NCs prepared from
bulk material have lower dopant levels.61

Finally, electron beam lithography begins with a silicon-on-
insulator (SOI) substrate, which is then implanted with the
dopant at the desired impurity concentration. Following
dopant implantation, the substrate is subjected to electron
beam lithography to create the nanocrystals, which are
uniform in size, shape, and inter-NC distance. Control of the
dopant concentration was not described, but the phosphorus
dopant concentration was reported at 1019 cm−3.62,63

3.2. Doping post synthesis

An alternative strategy for doped nanocrystals is to treat with a
dopant post synthesis. This approach is most likely to result in
either s-type or m-type doping; however, one exception is ion
implantation.

Ion implantation into pre-formed NCs has been found to
require a post implantation anneal to recover the crystallinity
of the particles due to the force to get the dopants into the
crystal structure. Gold and phosphorus doping concentrations
were controlled with ion energy to yield gold dopant levels of
1018–1019 cm−3 and phosphorus dopant levels of 1018–1020 cm−3

(0.0015–0.45%).64 Shirahata reports having control of phos-
phorus dopant level with ion energy as well, but the dopant con-
centrations were not reported.88 It has been noted that for B
doping a post-implant anneal was required to repair defects.47

As noted above, electrochemical etching results in the
dopants being inactive even when present in the starting
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material; however, it is reported that P-doping is possible after
etching. Unfortunately, there is no report of the ability to
control the concentration, although dopant levels of 1019–1021

cm−3 were reported.65

The addition of ligands to the surface of the preformed NC
has been reported. For example, Si NCs were prepared through
electrochemically etching and then functionalized with
phenylacetylene (PA).89 As an alternative, NCs may be treated
with gas which, through adsorption, acts as a dopant; the
pressure of the gas controls the amount of gas adsorbed to the
particle surface.70,90 Dopant concentrations were determined
to be 1018 cm−3 for NH3 and 1019 cm−3 for NO2 gases.70

4. Characterisation of dopants in
silicon NCs
4.1. Elemental analysis

Inductively coupled plasma atomic emission spectroscopy
(ICP–AES) along with the related mass spectroscopic and
optical emission spectrometry methods (ICP–MS and ICP–
OES, respectively) have been used to determine the overall
elemental composition and hence dopant concen-
tration.20,25,30,38,81 As with any nanoscale sample it is used
strictly to determine if the dopant is present and in what con-
centrations, but cannot provide information on the sample
uniformity (i.e., are all QDs equally doped),76 or the location
(type) of the dopant. However, with these caveats, ICP methods
can provide the relative level of dopant as a function of syn-
thetic conditions.

Secondary ion mass spectrometry (SIMS) is routinely used
for dopant measurements in bulk semiconductor samples,91

and its application with QDs offers the advantage that,
depending on the sample structure, it can be used to deter-
mine if the dopant is present in the silicon as opposed to the
insulating silica layers that are produced by some synthetic
methods. In this way it has been used to determine the dopant
concentration profile with depth for both boron and phos-
phorus doped materials.11,12,14,23,25,50,83 For example, Fig. 3
and 4 show SIMS data for P- and B-doped material, respecti-
vely.11,12 These data suggests that the dopants are in the
silicon layers and not in the silica layers (i.e., c-dopants).

Electron energy loss spectroscopy (EELS) can show a map of
elements present, but it will not be able to distinguish the
difference between an atom on the surface or inside of a par-
ticle.20,29,30 Energy dispersive spectroscopy (EDS) has been
used in a similar manner to EELS,54 and it can be used to
determine dopant concentration.20 EDS was also used to show
the presence and concentration of Er- and Mn-doping.66,68

In addition to the elemental composition X-ray photo-
electron spectroscopy (XPS) can also be used to determine the
element environment of the atoms, and as such provides a
potential method for differentiating between c, s, and m type
dopants. As an example, it was found that for boron-doped Si,
that B–Si species were found (Fig. 5) suggesting that the boron
is either inside or on the surface of the NCs,10,12,13,29,34,39 It

was noted that while some B–O bonding was present in some
samples it was at much lower concentrations than the B–Si
species suggesting that the boron is concentrated within the
silicon particle.13,34 It was also shown that the relative intensity
of the boron bonding environments was dependent on the
O : Si ratio in the material; higher oxide content leads to
higher levels of boron diffusion to the oxide layer on the
surface of the particles.13 This suggests that there is a concen-
tration equilibrium distribution of the boron, between the Si
and SiO2.

XPS has also been used to determine dopant concentration
for phosphorus.11 XPS shows the presence of both P–O and
P–Si species present.39,83 Unlike B-doping the there is generally
more P–O species observed than P–Si, suggesting that phos-

Fig. 3 SIMS data of P-doped silicon nanocrystals. Reprinted with per-
mission from ref. 11.

Fig. 4 SIMS data of B-doped silicon nanocrystals. Reprinted with per-
mission from ref. 12.

Fig. 5 XPS data that shows (a) Si 2p and (b) B 1s environments for
boron doped silicon nanocrystals with a peak at 188 eV, indicating that
there is Si–B bonding in these particles. Reprinted with permission from
ref. 34.
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phorus prefers the surface of the NC;5,39 however, with
increased annealing temperature, it can be observed that phos-
phorus is better included into the nanocrystal as seen in
Fig. 6. Phosphorus and boron co-doped material shows that
the former resides inside the particle at a higher level than
purely P-doped material, which is also shown to be true in
theory.39,92 XPS also shows the presence of Sb–Si species in
antimony doped material.10 Co-doped Si NCs with P and B
contain so much dopant that it is impossible that all of the
dopant atoms are in the NC, but rather most of them are on
the surface.20 Etching of these particles shows that this is in
fact the case.

The use of atom probe tomography (APT) for P-doped Si
NCs in a SiO2 matrix has shown that 15% of P atoms are in Si
NC interstitial sites, 30% are trapped at the interface between
Si NC and SiO2, and 55% are in the SiO2 matrix (Fig. 7).19

These results supported photoluminescence (PL) quenching
with increased P concentration by showing this trend was due
to the P atoms in Si NCs or in the SiO interfacial region are
deep defect centres that appear to provide the most efficient
and fastest path for non-radiative carrier recombination.

3D APT has also been used to determine whether the P
atoms reside in the Si NCs or in the SiO2 matrix surrounding
the NCs.53 It was found that larger NCs contain more P atoms:
4.5 nm Si NCs would contain ∼30 P atoms, whereas 2.3 nm Si
NCs would contain only ∼3 P atoms on average. However,
there is an enhancement of P atoms at the Si NC/SiO2 inter-
face. Only about 15–20% of the P atoms were incorporated into
the Si NCs, whereas about 30% are trapped at the interface,

and more than 50% reside in the surrounding matrix. The
different solubility of P in Si and in SiO2 suggests that at low
concentrations P prefers to stay in Si.

4.2. Spectroscopic methods

The Raman anti-Stokes shift provides element- and isotope-
specific data for the first-next neighbours of the specific
element. We note that it does not provide clear information on
dopant location. Furthermore, it does not deliver any insight
into the charge state of any dopant. As such, Raman (and
FT-IR) spectroscopies can be seen as an auxiliary means at
best to complement more detailed measurements. However,
with this caveat, Raman spectroscopy has been mostly used for
boron doped materials due to a significant Fano
effect;12,25,28,30,34,82,93 however, P-doping has also shown a
small shift in the Raman spectra.82 The Fano effect observed
in the boron doped material is an asymmetrical line shape
which is due to the measurement of both 11B and 10B nuclei in
their naturally abundant percentages (80.2% and 19.8%,
respectively).94 Because these two nuclei are not equal in abun-
dance, their peaks are not equal in intensity, which causes this
asymmetric Raman signal as seen in Fig. 8a and b.28 Raman
has also been employed to show a change in the crystal lattice
volume with boron concentration as seen in Fig. 8a.12,28

We note that the sample in Fig. 8 is a Si nanowire; however,
similar, but not as clear, effects have been reported for
Si NCs.27

Intrinsic silicon and doped materials where the dopants are
not electronically active are diamagnetic and hence do not
exhibit electron paramagnetic resonance (EPR) spectra. In con-
trast, EPR is suited for the detection of B- and P-dopants. For
boron, EPR has been used to prove the existence of the dopant
in the material,82 determine whether the boron impurities are
active charge carriers,85 and indicate p-type material character-
istics.43 For phosphorus, EPR can be used to prove the pres-
ence of the dopant in the material,24,25,28,37,44,49,50,82,95,96

determine whether the phosphorus impurities are active
charge carriers,85 and indicate n-type material character-
istics.43 EPR is much more sensitive to phosphorus doped
material though. In this regard it has been used to show that

Fig. 6 XPS data of P 2p environments of phosphorus doped nanocrys-
tals, which have been annealed at different temperatures to show that
the phosphorus incorporates into the nanocrystal better with higher
temperatures: (a) as synthesized, (b) 900 °C, and (c) 1000 °C. Reprinted
with permission from ref. 83.

Fig. 7 Radial concentration distribution of Si, O and P (latter with error
bars for standard deviation) for P-doped Si NCs within a SiO2 matrix as
determined by atom probe tomography. Reprinted with permission from
ref. 19.
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the signal decreases with increasing P concentration,58 95% of
the P atoms in a NC will diffuse to the surface of the particle
regardless of the NC size,50 and P does not pile up on the Si/
SiO2 interface until a very long time due to P atoms being
imbedded in substitutional sites in the Si (not interstitial).61,92

EPR is able to show that for all Si NC diameters, the donor-
electron concentration is at least one order of magnitude
smaller than the atomic P density in the Si NC cores.50 For
smaller Si NCs with high P concentrations, the measured
donor-electron concentration drops down sharply to values
three orders of magnitude below the atomic P concentration.
Fig. 9 and 10 show typical EPR data of P- and B-doped silicon
nanocrystals.43 EPR also shows a P-doped material co-doped
with antimony, showing a dependence of line broadening on
the antimony concentration, suggesting that the substitutional
Sb atoms influence the free electron resonance of the phos-
phorus atoms.96 A theoretical study of co-doped material
showed that it was energetically more favourable for the
dopant atoms to bind to each other in the Si NC rather than
coexist separately.97 This could explain why co-doped materials
exhibit different electronic behaviours than single doped
material. EPR has also been used to characterize manganese
dopants.68

Interestingly, EPR can show injection of holes or electrons
of material that is not actually doped but with gas adsorbed on
the surface. Surface adsorption NO2 injects holes and acts like
p-type doped material. In contrast, NH3 injects electrons and
acts like n-type doped material.70 These effects follow the
classic activating and deactivating trends observed for these

substituents. NH3 adsorption strongly affects the EPR signal
with increased concentration.90 There have been several
theoretical studies of EPR spectral effects.98,99 It is also worth
noting that theoretical data suggests that the smaller the Si NC
is, the higher the activation energy for the dopant impurity
meaning that for smaller Si NCs it would be very difficult to
have electrically active impurities.100

Photoluminescence spectroscopy (PL) has been reported to
be insensitive to the polarity of the solvent that the
particles are in regardless of the dopant.38 There is an
overwhelming amount of evidence that photoluminescence
decreases with increasing boron concentration (see
Fig. 11).10,12,13,20,30,31,33–43,45,57,81,84 PL can also be tuned with
B concentration30 and annealing temperature of the NCs.39 As
temperature decreases, PL shifts to lower energies when B
doped which corresponds to a red shift.31 There is also a red

Fig. 8 Raman data of boron doped silicon nanowires. Image (a) shows
the Raman peak intensities changing with boron concentration, and
image (b) illustrates the reason for the observed Fano effect in boron
doped silicon nanowires. Reprinted with permission from ref. 28.

Fig. 9 EPR of (a) phosphorus doped silicon nanocrystals and (b) boron
doped silicon nanocrystals. Reprinted with permission from ref. 43.

Fig. 10 EPR of phosphorus doped nanocrystals (A and B) and boron
doped nanocrystals (D and E) compared to a known doped sample (F).
Reprinted with permission from ref. 82.
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shift with P present,11,20,40,56,64,79,101 as seen in Fig. 12. The
intensity of the PL peak will increase with increasing P concen-
tration up to 0.6% doped and then decreases beyond that
concentration.11,20,33,44,56,58–60,64,81,101 It has been suggested by
theoretical studies that P prefers the surface of the NC, which
disables formation of defects which in turn suppresses defect-
induced nonradiative events. This could explain the increase
in PL with low levels of doping.101 For P and B co-doped
material, the P doping can compensate for the B doping and
PL can be recovered,42,45,57,95 but it still depends on the con-
centration of both dopants in the material.38 PL also shows a
change with erbium or manganese doping.67,68 PL decreases
with increasing concentrations of antimony or gold.10,64

Dodecyl functionalized Si QDs produced under inert atmos-
phere conditions show predicted PL properties, i.e., a charac-
teristic peak at 730 nm.102 Si QDs produced in the presence of
any oxygen containing ligands (i.e., TOPO or dodecyl functio-
nalized particles produced in air) are blue shifted at 590 and
630 nm, respectively. Acetal, alkyl, or aryl terminated Si QDs
have PL peaks in the blue-green region of the spectrum;
however this is red-shifted with increasing polarity of the
solvent these particles were measured in. This study highlights
the importance of surface states and the crucial role they play
in the optical properties of Si-NCs.

We note that Zacharias et al. reported a blue shift in the PL
spectra for Si NCs within a SiO2 matrix when the size of the
NC is decreased.103 The blue shift was found to be smaller
than expected for a recombination via free exciton states,
which is found for hydrogen passivated Si NCs. However, given
that the Si NCs in this study were not doped it is possible
some of the other PL spectral effects reported for doped Si
NCs are in fact due to the oxide passivation instead of the
dopant.

Another issue to be considered when looking at PL results
for Si NCs within a SiO2 matrix is the change in band gap
versus valence band as a function of particle size. It has been
reported that for un-doped Si NCs while the position of the
valence band moves to lower energies with decreasing particle
size (as expected in a quantum confinement model), the total
band gap increases along with PL blue shift as particle size
decreases.104 This latter effect is due to a change in the occu-
pied electronic states within the Si core and is incompatible
with a simple quantum confinement model.

For B-doping, Fourier transform infrared spectroscopy
(FTIR) analysis is used to determine the dopant concentration
by comparing the intensity ratio of Si–O with B–O vibration
modes,20,31,33,36,44,56,57,60 as seen in Fig. 13. FTIR can also be
used to simply tell whether boron is present in a sample.93 It
can also show that boron binding is dependent on O/Si ratio
because higher oxide content leads to boron diffusion to the
oxide layer, which would make the B–O vibrational mode
stronger.13,92 Broadband FTIR can also be used for P-doped
samples since the intensity increases with increasing phos-
phorus content then decreases with more phosphorus.45,56,57

The absorption is not from the phosphosilicate glass, but it is
instead a result of scattered acoustic phonons.56 It is also poss-
ible to use FTIR to show the compensation of carriers with
varied concentrations of phosphorus and boron when co-
doped.45 FTIR has also been used to determine if phenyl-
acetylene ligands were situated on the surface of a set of
NCs,89 and in a similar manner to prove that NH3 or NO2

gases were adsorbed onto the NCs.70,90

FT-IR has also been used to investigate the hypervalent
surface interactions in Cl terminated Si NCs.105 Chlorine-
terminated Si surfaces are polarizable which creates a Lewis acid

Fig. 12 Photoluminescence data of phosphorus doped silicon nano-
crystals. This data shows the change in intensity and the peak shift with
phosphorus concentration. Reprinted with permission from ref. 44.

Fig. 13 FTIR data of boron doped silicon nanocrystals with B–O and
Si–O vibrational modes. Reprinted with permission from ref. 20.

Fig. 11 Photoluminescence data for boron doped silicon nanocrystals,
which shows the decrease in photoluminescence intensity with increas-
ing boron concentration. Reprinted with permission from ref. 33.
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at the surface interface of the particle, which makes it capable
of pentavalent and hexavalent bonding. It was found that if
there is a Lewis basic solvent present (such as oxygen donors
like DMSO, or nitrogen donors like pyridine), the solvent
donates electron density to the Lewis acidic surface of the NC,
which leads to a surface doping effect. This is completely
reversible with solvent evaporation. Ketones, aldehydes, and
nitriles are particularly good at this due to their HOMOs being
near the same energy as the LUMO of the Si NCs.

Localized surface plasmon resonance (LSPR) of doped Si
NCs has been employed to determine a range of electrically
relevant properties, e.g., carrier mobility and dopant activation
efficiency (Fig. 14).26 Using LSPR, it was calculated that hole
mobility from B doping decreases with increase in B concen-
tration while electron mobility from P doping increases with
increase in P concentration. The authors concluded that the
carrier transport in a film of Si NCs is limited by the tunnell-
ing between neighbouring Si NCs.26 A theoretical study of
LSPR in highly P doped (10 atoms per particle) Si NCs reported
that an increase in P concentration in Si NCs increases the

plasmon energy, while a decrease in NC size does not require
as high of an impurity concentration to attain a similar LSPR
effect.106 As the Si NC gets closer to 4 nm, LSPR is almost iden-
tical to bulk Si material. This same study showed that
undoped Si NCs do not exhibit LSPR effects at all.106 Another
theoretical study showed that beyond 10 P atoms in a single
NC, the structural integrity of the NC is compromised and
bonds begin to break.107

4.3. Electronic property measurements

In a traditional doped bulk semiconductor the classification as
either p-type or n-type is a function of the particular dopant
and its physical position, i.e., site, vacancy, etc. Therefore, it is
important to not only determine the quantity and location of a
dopant element but what the result is electronically.

The Kelvin probe method is used to determine the dopant
type of a material. In the experiment, a negative bias is placed
across the AFM tip, and if there is a measureable potential
difference, it means that an electron is injected in the conduc-
tion band, suggesting a p-type material, as is observed with
boron as the dopant.77 A positive bias with a measureable
potential difference means that the electron is extracted from
the conduction band, which suggests n-type material as
observed when phosphorus is the dopant.48,77

The Hall effect can be used to measure hole densities and
also determine if a material is p-type or n-type. Boron doped
materials have been determined to be p-type, and antimony
doped material is determined to be n-type with this method.10

Electron probe microanalysis (EPMA) is used to determine
dopant concentrations.30,33,37,56–60 So far it has been almost
exclusively used for P-doped material, although there has been
one report of using the technique with B-doped samples.30

There have been few reports of using thermopower as an
analytical method to characterize doped silicon NCs. One
group reports determining dopant concentrations of boron or
phosphorus doping with this technique.24 While another
group used the data to show that boron or phosphorus
dopants are present in the material due to differences in
thermopower from the un-doped material.32 Fig. 15 shows

Fig. 14 (a) Fitting of the LSPR-induced absorption for Si NCs doped
with 31% B and that for Si NCs doped with 18% P. (b) Carrier mobility (μ)
of each doped Si-NC sample obtained by fitting the LSPR-induced
absorption peak. The black line gives μ ∝ Nd

–1, while the red line gives μ
∝ Nd

0.1, where Nd is the dopant concentration. (c) Bulk plasma frequency
(ωp) versus dopant concentration (Nd). The solid lines represent the
fitting by using ωp = [Ndηe

2/(m × ε0)]
1/2. The values of dopant activation

efficiency (η) obtained from the fitting are indicated. Reprinted with per-
mission from ref. 26.

Fig. 15 Thermopower data of varying concentrations of boron or phos-
phorus doping in silicon nanocrystals. This data illustrates the difference
in the sign of the signal and intensity of thermopower with dopant and
dopant concentration. Reprinted with permission from ref. 24.
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thermopower data of different dopants and dopant concen-
trations. The sign of the signal from Seebeck microscopy flips
when you shift from p-type to n-type doped material to show
the gradient of a p–n junction.80

Overall, any level of any dopant in a material will raise the
conductivity and lower the resistivity of the intrinsic material.
Fig. 16 shows improved conductivity over the un-doped
material regardless of the dopant element.25

Current density ( J) versus electric field (E) measurement
have been made of P-doped Si NC/SiO2 superlattices.52 Some-
what surprisingly, despite the majority of the P being within
the NCs, only a small part of the incorporated P atoms pro-
vided carriers for electronic transport. The conclusion was that
in this system, unusually high dopant concentrations (beyond

the solubility limit) were required to achieve any reasonable
carrier concentration.52

It has been possible through the fabrication of field effect
transistor (FET) structures using cast films of Si NCs to
measure the electrical effects of various dopants (Fig. 17a).108

For these devices the threshold voltage of Si NC FETs was
found to be strongly dependent on dopant concentration and
type (Fig. 17b), consistent with changes in the Fermi level of Si
NC thin films caused by dopant activation with an efficiency of
10−2–10−4 of the precursor concentration. Furthermore, large
NCs were found to exhibit a continuum between intrinsic and
degenerate doping, while small NCs showed a sharp transition
to degenerate doping, suggesting that the wave functions of
NCs are still discrete.

5. Conclusion and the future
Although there has been substantial research in doping silicon
elements, there is room for improvement in the understanding
of the type of doping sites produced (especially c- versus s-type)
and the control over the resulting electronic properties. Solu-
tion synthesis methods are generally only used when discuss-
ing the influence of ligands on the surface of an intrinsic Si
NC or adsorption of gases on the surface to act as dopants
(s-type), and at this time there is only one example with proven
c-type doping.54 Post synthesis doping has received very little
attention, which is in contrast to efforts on compound
semiconductors.109

Based upon the forgoing there are several areas that will
benefit from future research: (1) it is important to determine
what the inherent doping of NCs are as a function of synthetic
methods, this is particularly true for solution routes; (2) where
dopants are present within the crystal lattice (c-type) is the dis-
tribution between individual NCs uniform, and if not does
this matter with regard to device performance; (3) if doping
occurs with matrix (m-type) what levels and distribution is
needed to provide effective doping?

Finally, it is worth noting that while extensive studies on
silicon NCs have been reported, there is only a few studies on
their germanium analogues,110–114 and there is insufficient
work to determine whether similar approaches can be applied.
However, this represents an interesting area of future research.
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dots for solar applications  
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Abstract: While the literature for the doping of silicon quantum dots (QDs) and nanocrystals (NCs) 
is extensive, reports of doping their germanium analogs are sparse. We report a range of attempts to 
dope Ge QDs both during and post-synthesis. The QDs have been characterized by TEM, XPS, and 
I/V measurements of SiO2 coated QD thin films in test cells using doped Si substrates. The solution 
synthesis of Ge QDs by the reduction of GeCl4 with LiAlH4 results in Ge QDs with a low level of 
chlorine atoms on the surface; however, during the H2PtCl6 catalyzed alkylation of the surface with 
allylamine, to enable water solubility of the Ge QDs, chlorine functionalization of the surface occurs 
resulting in p-type doping of the QD. A similar location of the dopant is proposed for phosphorus 
when incorporated by the addition of PCl3 during QD synthesis; however, the electronic doping 
effect is greater. The detected dopants are all present on the surface of the QD (s-type), suggesting a 
self-purification process is operative. Attempts to incorporate boron or gallium during synthesis were 
unsuccessful. 

Keywords: dopant; quantum dot; germanium; silica; phosphorous 
 

1. Introduction  

A nanocrystal (NC) can be defined as either a single- or poly-crystalline particle having at least 
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one dimension smaller than 100 nanometres. When the dimensions of a NC are smaller than the Bohr 
radius of the element(s) in question, then quantum confinement occurs [1], and the particle is termed 
a quantum dot (QD) [2]. However, in practice quantum effects are observed for particles with 
diameter up to 2x Bohr radius. Thus, given silicon’s Bohr radius is 5 nm, then a Si-NC with a 
diameter <10 nm would be considered a Si-QD [3,4,5]. QD particles exhibit different electronic 
behavior from their bulk homologs. For example, the band gap of bulk silicon is 1.12 eV, but the 
band gap of Si QDs is much larger and depends on the size of the particle.  

As has been discussed elsewhere [6], doping of a particle at the nanoscale may be achieved via 
addition of a dopant within the crystal lattice of the QD (or NC), see Figure 1a. As such this is 
defined as a c-dopant (c = crystal lattice), and the dopant will act in a similar manner to that of a bulk 
semiconductor. Unlike for bulk semiconductor, doping at the nano-scale can also be accomplished 
through surface functionalization, i.e., s-dopant (s = surface), see Figure 1b. Researchers have also 
found that doping of a dielectric matrix (i.e., SiO2) surrounding the QDs has the consequence of 
providing a doping-like effect on the electronic performance to the QD, most likely through the 
change in the conduction of the matrix between the individual QDs. Even though this process may 
not be doping in the traditional sense we have termed it as m-dopant (m = matrix), see Figure 1c. For 
c-type doping the formation of n- or p-type material would be related to that in bulk semiconductor. 
In the latter two cases the dopant element can act as an electron donor (which injects electrons into 
the QD and therefore acts as a n-type material) or electron withdrawing group (resulting in the 
equivalent effect as injects holes and therefore acting like p-type doped material) [3–6]. We also note 
that there is a differentiation between chemical doping (the presence of the element in question) and 
electronic doping (an effect on the band gap, band energy levels, or Fermi level) of the QD.  

 

Figure 1. Schematic representation of (a) c-type, (b) s-type, and (c) m-type dopants for 
semiconductor nanocrystals [6].  

While there is significant literature associated with the doping of silicon QDs and NCs [6,8], 
there is a paucity of examples of doping their germanium analogs. Germanium NCs (3.3–4.1 nm) 
have been doped (Al, P, Ga, As, In, Sn, and Sb) at a level of about 1 mol%, through the nBuLi 
reduction of a mixture of GeI2 and GeI4 [9]. Baldwin et al. have reported that either the LiAlH4 or 
Mg reduction of GeCl4 during synthesis results in nanoparticles (NPs) with a Cl:Ge ratio of 0.27 (as 
measured by XPS) [10]. Based upon a QD diameter of 5–7 nm this correlates to about 1000 chlorine 
atoms per QD suggesting s-type doping; however, no determination of the electronic doping effects 
of the Cl were made. Analog Si NCs have been produced with a plasma reactor with chlorine 
terminating the surface. These Cl-terminated Si NCs act as Lewis acids ready to receive electrons 
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from Lewis bases like ketones and nitriles. [11] In our routes to creating silica coated Ge QDs 
(Ge@SiO2) [12,13], it is necessary to convert the as-prepared hydrophobic surface to a hydrophilic 
one through surface functionalization with allylamine (Figure 2). The addition of ligands to the 
surface of the preformed NC has been reported to have a possible doping effect [14,15]. Also it has 
been shown in other NP systems that secondary functionalization of halide functionalized NPs results 
in the loss of the halogen [16,17,18]. We have investigated the chlorine content pre- and post-surface 
functionalization as well as the electronic effects on the QD. In addition, we have investigated the 
potential incorporation of phosphorus, boron and gallium dopants.  

 

Figure 2. Schematic representation of the surface functionalization of Ge QDs with 
allylamine (H2NCH2CH=CH2). 

2. Materials and Methods 

2.1. General 

All chemicals were obtained commercially and used without further purification unless noted. 
Tetraoctylammonium bromide (TOAB), silicon tetrachloride (99.998%), lithium aluminum hydride 
(1.0 M in tetrahydrofuran), methanol (≥99.8%), hexachloroplatinic acid hydrate (≥99.9%), 
isopropanol (≥99.5%), tetraethoxysilane (TEOS) (99.999+%), L-lysine (97%), hexanes (≥98.5%), 
gallium (III) chloride (≥99.99%), boron trifluoride diethyl etherate (for synthesis), and allylamine 
(99+%) were obtained from Sigma Aldrich. Phosphorus trichloride (99.997%) was obtained from 
Alfa Aesar. Toluene was obtained from EMD and germanium tetrachloride (99.99%) was obtained 
from Acros Organics. Methanol, toluene, and isopropanol were further purified of dissolved oxygen 
using a freeze-pump-thaw method. Ethanol (200 proof) was obtained from Decon Laboratories. All 
syntheses were performed in a glove box under a N2 atmosphere.  

2.2. Characterization 

Transmission electron microscopy (TEM) was performed with a JEOL 2010 TEM at 100 kV 
with a CCD camera. High resolution transmission electron microscopy was performed on a JEOL 
2100 field emission gun TEM at 200 kV with a CCD camera. UV-visible spectroscopy was 
performed on an Agilent 8453 UV-visible spectroscopy system with 1 cm quartz cuvettes. X-ray 
photoelectron spectroscopy (XPS) was performed on a PHI Quantera X-ray photoelectron 
spectrometer equipped with a differential argon ion gun with gold coated silicon wafers as a substrate 
for the samples.  
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2.3. Inherently doped Ge QDs 

Synthesis was undertaken using a variation of a literature procedure [12,13]. GeCl4 (92 µL, 0.8 
mmol) and tetraoctylammonium bromide (TOAB) (1.5 g, 2.7 mmol) were dissolved in anhydrous 
toluene (100 mL). The solution was stirred for 24 hours to ensure that the reverse micelles formed 
completely and uniformly. To this was added LiAlH4 in THF (0.63 mL, 1.0 M), and the solution was 
allowed to react for 3 hours while continuously stirred. After which the excess LiAlH4 was quenched 
using anhydrous MeOH (15 mL). The quantum dots are hydrophobic at this point (sample 1a). To 
make the particles hydrophilic, H2PtCl6 in anhydrous isopropanol (40 µL, 0.05 M) was added to the 
quantum dots along with allylamine (2.00 mL, 26.7 mmol); this mixture was allowed to react until 
the solution stopped producing hydrogen gas. This solution is air stable and was taken out of the 
glove box to evaporate off the solvent. It should be noted that heat is not applied because the 
quantum dots easily oxidize upon heating. After drying, the particles were re-suspended in deionized 
water (35 mL) and filtered through a 0.2 µm pore filter to remove any excess surfactant leaving a 
solution of the QD (sample 1b). Variations in reagent ratio (samples 2–5) were employed in order to 
determine the effect on particle size (Table 1). The as synthesized Ge QDs were coated with silica 
using previously described processes [19].  

Table 1. Variation in reagent and reaction conditions for inherently doped Ge QDs. 

Sample GeCl4 (µL) TOAB (g) Reaction time (h)  LiAlH4 (mL) 
1 92 1.5 3  0.63 
2 92 0.75 3  0.63 
3 184 1.5 3  1.2 
4 92 1.5 1.5  0.63 
5 92 1.5 6  0.63 

2.4. Doped Ge QDs 

Quantum dots were synthesized using the procedure described above, however, a suitable 
dopant precursor was added as needed prior to the addition of the LiAlH4: PCl3 (8 µL, 0.08 mmol, 
sample 6; 16 µL, 0.16 mmol, sample 7) for phosphorus; BF3(OEt2) (80 µL, 1M) for boron (sample 8), 
and GaCl3 (0.0142 g, 0.08 mmol) for gallium (sample 9). The remainder of the synthesis was 
identical to that used for sample 1b.  

2.5. Si/Ge@SiO2 layers for I/V measurements 

N-type and p-type silicon wafers were provided by Natcore Technology, Inc., doped with 
phosphorus and boron, respectively. These wafers came with a thick silica passivation layer on top to 
keep the dopants from migrating out of the silicon. The wafers were cut into 2 × 2 cm2 coupons and 
were buffer (NH4F/HF) etched to remove the passivation layer. The clean wafers were then plasma  
(5% O2 in argon) etched to add back a very small (<10 nm) uniform layer of oxide back on the 
surface. The wafers are placed vertically into a solution of the silica coated quantum dot particles to 
evaporate the solvent and deposit the particles [20]. Once the wafers are coated with the particles, a 
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back contact of gold is added by sputtering. The front contact (gold or silver) is sputtered using a 
mask to create fingers across the surface without completely covering it with metal [21]. Both 
contacts are 100 nm thick, and the metal used depends on the identity of the dopant of the wafer and 
the presence of a QD layer. The device is then tested in a solar simulator that is monitored by a 
multimeter connected to computer software. The efficiency of the QD/Si cells were calculated from 
the I-V curves detected via Keithley 2420 and 2425 High Current SourceMeter with an Oriel Model 
81190 Solar simulator equipped with a Xenon lamp, including light intensity feedback control. The 
intensity of incident light was 100 mW/cm2. The solar cells were kept at a fixed distance of 6 inches 
from the light source for optimal conditions. The cells were attached to two leads, one connected to 
the back contact and the other connected to the busbar of the front contact. This setup allowed for the 
measurement of the current produced by the cell with change in voltage.  

3. Results 

3.1. Inherently doped Ge QDs 

The XPS of as prepared Ge QDs prior to allylamine functionalization (sample 1a) shows the 
presence of chlorine and oxygen (see Table 2). The presence of oxygen in all the QD samples is a 
consequence of atmospheric exposure during sample preparation, while the presence of carbon is 
associated with the allylamine. It should be noted that while XPS is a surface technique with an 
analysis depth of 3–10 nm for Al-Kα radiation, the analysis of 5 nm QDs (see below) XPS should 
provides an acceptable estimation of composition. The Cl:Ge ratio (as determined by XPS) of 0.07 
for sample 1a is much smaller than the value of 0.27 reported by Baldwin et al. for octyl 
functionalized Ge QDs prepared by the similar routes [10]. In both cases this value is lower than 
monolayer coverage: 0.71 (see below). Upon allylamine functionalization (sample 1b, see Figure 2) 
the chlorine content is significantly increased (Table 2). This is undoubtedly due to the use of the 
chloroplatinic acid (H2PtCl6) as a catalyst to cap the Ge QDs with amines (see Figure 2). According 
to the XPS, the Cl:Ge ratio is increased to 0.39 once the QDs are amine functionalized.  

Table 2. XPS analysis (at%) of as synthesized and doped Ge QDs. 

Sample Ge Cl O N C Ea 
1a 1.12 0.08 3.06 1.50 94.25b - 
1b 16.17 6.31 2.10 9.81 65.61 - 
2 4.77 7.88 9.34 14.27 63.74 - 
3 6.44 3.04 1.53 12.20 76.79 - 
4 9.53 4.50 11.52 8.71 65.74 - 
5 7.66 3.77 7.48 10.47 72.62 - 
6 4.14 5.88 15.52 12.11 60.34 2.01 (P) 
7 2.87 6.31 7.21 15.65 66.76 1.20 (P) 
8 1.60 7.10 4.01 17.58 69.70 0.01 (B) 
9 5.48 5.84 16.95 12.65 58.99 0.09 (Ga) 

a Dopant element given in parenthesis. b High C content due to residual surfactant from reaction. 
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The high resolution Ge 3d and Cl 2p spectra for samples 1a and 1b are shown in Figures 3 and 
4, respectively. The Ge 3d peak shows both Ge-O and Ge-Ge species regardless of amine 
functionalization. However, we note that the Ge-O peak appears to increase in intensity upon amine 
functionalization even though the O:Ge ratio decreases. This suggests that the peak at 32.2 eV in 
Figure 3b is a composite of both Ge-O and Ge-Cl. 

 

 

Figure 3. High-resolution XPS Ge 3d peak of (a) untreated Ge QDs (sample 1a) and (b) 
allylamine functionalized Ge QDs (sample 1b). 

The positions of the Cl 2p peaks (Figure 4) are consistent with Ge-Cl species [22,23]. The XPS 
peak shift does not differentiate between residual chlorine on the surface of the QD (s-type) or 
interstitial (c-type); however, as noted the Cl:Ge ratio (0.39), and the surface selectivity of XPS 
suggest that the chlorine is on the surface of the QDs. It is previously reported that if a low 
concentration of HCl is added to a Ge QD solution, it caps the QDs with chlorine [24]. These results 
are in agreement with a theoretical study of Si NCs that reports that chlorine atoms prefer the surface 
(s-doped) rather than the inside the NC (c-doped) [25].  
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Figure 4. High-resolution XPS Cl 2p peak of allylamine functionalized Ge QDs (sample 
1b). The fitted lines are for the two components of Cl 2p3/2 and 2p1/2 spin-orbit doublet. 

The average diameter of the as synthesized Ge QDs determined to be 5 nm from HRTEM 
images, with a dispersion shown in Figure 5. As is seen from Figure 6, some of the particles having 
multiple crystal domains with a particle having a defined grain boundary. In Figure 6b, a single 
particle is expanded on revealing that there are two different atomic lattice directions in the same 
particle. Thus, the grain boundary cannot be ruled out as the location of the chlorine atoms detected 
by XPS. However, the crystal lattice measurements of the Ge QDs (5.65 Å) match that of diamond 
cubic germanium (5.648 Å) [26] suggests that the chlorine is not interstitial. Given an average 
diameter of 5 nm (Figure 5) an estimate may be made of the maximum chlorine content per QD. 
Assuming an ideal crystal lattice and the presence of chlorine on each “dangling bond” site 
associated with the (100) crystal face then the Cl:Ge ratio would be expected to be ca. 0.71. This is 
higher than the value determined by XPS (0.39) indicating less than monolayer coverage, which is 
consistent with the alkylamine functionality (Figure 2). Based upon the chlorine content, it would it 
is consistent that the chlorine doping may be described as c-type. 

 

Figure 5. Average particle size and distribution, as determined from TEM analysis, for 
Ge QD samples. See Table 1 for reagent and reaction conditions. 
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Figure 6. HRTEM image of Ge QDs (Sample 1b) with an expanded image showing 
grain boundary measurements of an individual particle. 

Prior to determining whether the Cl atoms act as an active dopant and in what manner (n- or 
p-type) a series of control studies were first performed to determine if the Si wafers would produce a 
photocurrent on their own with different metals used for top and bottom contacts (Figure 7a). The 
I/V curves were measured (see Methods and Materials) from which the efficiency of the cell is 
determined. The results of the control studies are shown in Table 3.  

 

Figure 7. Schematic representations of test devices (a) M|Si|M, (b) M|SiO2|Si|M, and (c) 
M|Ge@SiO2|Si|M.  

The p-type wafer showed no photoresponse under any conditions, but the n-type wafer did 
consistently show a very small photoresponse with both metals with gold being slightly more 
conductive. The small photoresponse that can be observed for the n-type silicon wafer is due to an 
ohmic contact between the wafer and the metal. This happens because the metal has a work function 
close to the electron affinity of the n-type silicon and electrons can be easily transferred with very 
little energy [27]; because of this result gold back contact were used all further measurements. 
Another set of control wafers was prepared with a SiO2 layer (Figure 7b) without any QDs in the 
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sample. Both the p-type and n-type wafers with SiO2 only did not produce a photoresponse. 

Table 3. Efficiency data for control devices M|Si|M and M|SiO2|M. 

Si wafer type SiO2 layer Front and back contact  Efficiency (%)a 
p-type No Silver 0.0000 
p-type No Gold 0.0000 
p-type Yes Gold 0.0000 
n-type No Silver 1.3 x 10-3 
n-type No Gold 1.4 x 10-3 
n-type Yes Gold 0.0000 

a Efficiency is defined as power conversion upon exposure to incident light. 

Test cells were prepared by depositing the Ge QDs (sample 1b) into a silica matrix as a thin 
film on the Si wafer (Figure 7c). The QDs were coated with silica to separate them from each other a 
small distance (<10 nm) using previously described method [13,19], and were then made into a thin 
film via vertical evaporation on silicon wafer pieces [20]. SEM analysis of the samples showed the 
films to be highly textured (Figure 8), but uniform in thickness (4.5 µm), see Figure 9. It was found 
that thin oxide layer is necessary for producing thin films because the completely clean wafers are 
severely hydrophobic, and adding the silica coated quantum dots does not work with a hydrophobic 
surface. The thin oxide layer allows the surface to be hydrophilic and the silica coated quantum dots 
will stick to the surface.  

 

Figure 8. Representative SEM image of Ge@SiO2 film deposited on n-type Si wafer.  
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Figure 9. Representative cross sectional SEM image of Ge@SiO2 film deposited on 
n-type Si wafer.  

The Ge@SiO2 layer was deposited on both n-type and p-type wafers with varying metals to 
determine if the material acts as if it is doped and, if so, what metal conducts best with this material. 
The I/V curves were measured for these cells (Figure 10). As may be seen from Table 4, no 
photoresponse is observed for p-type wafers, while a larger response is observed for 
M|Ge@SiO2|n-Si|Au than the simple n-type Si wafer, i.e., M|n-Si|Au where M = Au or Ag (Table 3). 
This result suggests that the chlorine present in the as synthesized Ge QDs act as p-type dopant. The 
efficiency that is produced from the n-type wafers with the Ge@SiO2 layer on top is small, but it is 
significant and reproducible.  

 

Figure 10. Representative I/V curves measured for (a) Ag|Ge@SiO2|n-Si|Au (solid line) 
and (b) Ag|Ge@SiO2|p-Si|Au (dashed line).  
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Table 4. Efficiency data for M|Ge@SiO2|Si|Au (M = Au, Ag). 

Si wafer type Front contact metal Efficiency (%) 

p-type Silver 0.0000 
p-type Gold 0.0000 
n-type Silver 2.2 x 10-3 
n-type Gold 0.1 x 10-3 

If as suggested from the data the Cl atoms act as ligands on the surface of the QD (s-type) where 
they are anticipated to act as an electron-withdrawing ligand, which is expected considering the 
higher electronegativity of the chlorine atom (3.0) as compared to Ge (1.8). A prior theoretical report 
on chlorine terminated Si NCs [11] suggests that the chlorine polarizes the surface of the NC, which 
creates a Lewis acid site and surface doping effect. Interestingly, EPR has been used to study the 
injection of holes or electrons with molecules adsorbed on the surface of Si NCs [15]. Surface 
adsorption of NO2 injects holes and acts like p-type doped material. In contrast, NH3 injects electrons 
and acts like n-type doped material. These effects follow the classic activating and deactivating 
trends observed for these substituents in organic aromatic derivatives [28]. Taking this approach, 
chlorine is a known electron withdrawing substituent and would inject holes and acts like p-type 
doped material, which is indeed observed. Given that a highest photoresponse is observed using 
silver as a front contact, for the rest of the hybrid solar cells, all wafers will be n-type and all of the 
contacts will be gold on the back and silver on the front, i.e., Ag|Ge@SiO2|Si|Au. 

3.2. Effect of synthesis stoichiometry  

Although doping is the method of choice to create a bias to induce electron flow in a solar cell, 
it is not the only method that can be employed. As long as the work functions of the two materials 
are different enough from each other that would be enough to induce electron flow in a solar cell. 
Work function is defined as “the minimum energy barrier (hνc) for conductive electrons to leave a    
metal” [29]. Achieving different work functions in the same material can be accomplished by 
creating different sizes of QDs, which would absorb different areas of the electromagnetic spectrum. 
In a semiconductor material, this could also be considered as tuning the band gap. There are many 
examples reported of the band-gap tune ability of QDs as a function of particle size [24,30,31]. 
Generally, there are two different approaches for the synthesis of different sized particles: the 
amounts of starting materials (surfactant or precursor) or varying the reaction time [32].  

Varying the amounts of the reagents was investigated first (Table 1). Controlling the 
concentration of the surfactant may have direct relation to controlling particle size. Generally, the 
surfactant is used at such a concentration that the molecules organize together to produce micelles, 
inside of which is where the synthesis actually occurs. A decrease in the concentration of the 
surfactant results in an increase in the particle size of a NP [32]. TEM analysis (Figure 11a) shows 
crystalline QDs, from which the size and distribution is determined (Figure 5). As seen from a 
comparison of Figures 6a and 10b, the average particle size did not change significantly upon 
alteration of the surfactant concentration. This observation is supported by the proposal made by 
Baldwin et al. that the micelles that the surfactant creates are not actually the reaction vessels for the 
synthesis of these particles and, as such, have no bearing on the size or shape of the particles [33]. 
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When the concentration of the germanium starting material was doubled without altering the 
surfactant concentration (sample 3), there were significantly more particles, which suggests that the 
starting material controls the number of nucleation sites, but does not control the growth rate. As 
growth and nucleation are considered separate events, there should be a parameter that controls the 
growth of the QDs [32]. Once the duration of the reaction was investigated, it became clear that time 
is the parameter that controls particle growth. When the reaction time was halved (sample 4), the 
growth was stopped before the particles had time to mature, but when the reaction time was doubled 
(sample 5), the particles were allowed to grow much larger than normal and with a much broader 
size distribution (Figure 5).  

The XPS analysis (Table 2) of the Ge QDs prepared with low surfactant concentration (sample 
2) shows that the Cl:Ge ratio (1.64) is more than that of a full monolayer coverage based upon the 
particle size (0.71), see above. In fact based on the particle size, there is more chlorine associated 
with the particles than is practical for having the chlorine occupying the dangling bonds alone (even 
considering a non-uniform particle shape). This could indicate that there are chlorine atoms in the 
particles or that there is partially reacted “GeClx” species entrained with the QDs, see below.  

Germanium QDs were prepared with a concentration of GeCl4 double the standard 
concentration (Sample 3, Table 1). Ordinarily, an increase in the metal precursor concentration 
would result in larger NPs [32]. However, as may be seen from Figures 6a and 10b there is only a 
slight increase in the average particle size upon increasing the GeCl4 precursor’s concentration (see, 
Figure 5). A more significant result of doubling the GeCl4 reagent concentration is an increase of the 
yield of Ge QDs, which is beneficial for scaling up the synthesis. As determined by XPS the Cl:Ge 
ratio for sample 3 (Table 2) is 0.47 consistent with sub-monolayer coverage.  

Decreasing the reaction time to the half of the normal time (sample 4, Table 1) resulted in a 
sample in which the QDs are very small (Figure 11c) and with a narrow size distribution (Figure 5). 
It should be noted that there remains a significant amount of excess surfactant in solution. Extending 
the reaction time to 6 h. (sample 5, Table 1) produces the expected increase in the particle size. As is 
seen from Figure 11d, increased reaction time not only produces Ge QDs with an average particle 
size of 10 nm. However, the particle size dispersion is wider than for the standard conditions (see 
Figure 5). The Cl:Ge ratio as determined from XPS for samples 4 and 5 (0.47 and 0.49, respectively) 
appear similar. However, based upon their average size (Figure 5) monolayer coverage of Cl:Ge 
would be expected to be 1.24 and 0.32, respectively. Also interesting to note is the large size 
variation of sample 5, which makes the chlorine coverage difficult to determine if there truly is an 
excess of chlorine larger than a monolayer coverage or not.  

Regardless of the size dispersion, as seen in Figure 5 all Ge QD sizes are well below the 
reported Bohr radius of germanium (18 nm); therefore, all of the particles should still be affected by 
quantum confinement [5]. Efficiency measurements for Ag|Ge@SiO2|n-Si|Au devices using the Ge 
QDs prepared under different synthetic conditions (Table 1) are shown in Table 5. As expected the 
sample prepared with double the GeCl4, which are similar in size to those prepared under standard 
conditions, shows essentially identical performance. However, it is interesting that the sample 
prepared with lower surfactant concentration did not result in an active device, even though the 
particles are similar in size (Figure 5). As noted above the Cl:Ge ratio in sample 2 is more than the 
maximum coverage for a monolayer. Either way this amount of chlorine clearly negatively affects 
the ability of these particles to create a photoresponse. Conversely, the QDs that were synthesized 
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with double the GeCl4 (sample 3, Table 2) has a Cl:Ge ratio of 0.47 and this provides layers with 
active photoresponse.  

 

Figure 11. HRTEM image of Ge QDs synthesized with varying reagent and reaction 
conditions (see Table 1): Samples 2-5 (a-d, respectively). Lower magnification images 
are included for samples 4 and 5 (e and f, respectively) to provide a clear view of the size 
and size distribution of these QDs.  
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Table 5. Efficiency data for Ag|Ge@SiO2|n-Si|Au. 

Sample Average QD particle size (nm) Efficiency (%) Comment 
1b 5 2.2 x 10-3 Reference sample  
2 5 0.0000 Decrease surfactant conc. 
3 5 2.5 x 10-3 Increase GeCl4 conc. 
4 2 0.0000 Decrease reaction time 
5 10 0.4 x 10-3 Increase reaction time 

There appears no photoresponse for devices made using small Ge QDs prepared with low 
reaction time (sample 4), and devices prepared using larger QDs (sample 5) shows a lower efficiency 
than the standard sample. It has been previously reported for Si NCs that electronic doping can vary 
with dopant concentration [34]. For Ge NCs, there also appears to be variation with chlorine 
concentration, but it is less clear. The Ge QDs from sample 1b have a small photoresponse with a 
Cl:Ge ratio of 0.39, when the ratio is raised to 1.64 as in sample 2 there is no photoresponse due to 
too much chlorine. However, when the Cl:Ge ratio is raised to 0.47 as in sample 3, there is a slightly 
higher photoresponse. Based upon a comparison of a similar effect occurs with the chlorine 
functionality of Ge QDs it appears that a range of 50-80% monolayer coverage provides 
electronically active doping; however, more detailed studies are needed to define the optimum 
dopant coverage level.  

3.3. Doped Ge QDs 

It has been previously reported [35] that Si QDs may be doped by the use of PCl3 during their 
synthesis (sample 6). Because their process for synthesizing the doped Si QDs was similar to the 
method used herein for Ge QDs [13], it is reasonable to assume that this reaction may work to dope 
the Ge QDs with phosphorus. Thus, Ge QDs were prepared using 10% PCl3 as a co-reactant, see 
Materials and Methods.  

XPS analysis (Table 2) does confirm the presence of phosphorus in the QDs. The composition 
gives a P:Ge ratio of 0.42. There is also a presence of chlorine (as confirmed by the high resolution 
2p spectra, see below). The Cl:Ge ratio (1.42) is much higher than the monolayer coverage of 
chlorine on the particle. The combined dopant X:Ge (1.90) is much much higher than monolayer 
coverage. However, the XPS may be able to help explain the excess chlorine in the system. As noted 
above, despite the surface sensitive nature of XPS the results cannot distinguish between the P being 
on the surface of the QD or inside the QD itself. Either way, the P atoms could be available as a 
dopant. If the phosphorus is in the germanium crystal lattice, it will act as n-type, but if the atoms are 
on the outside of the particles it could be either electron donating or electron withdrawing. The high 
resolution P 2p spectrum for sample 6 is shown in Figure 12a. The chemical composition is 
consistent with both P-O (134.1 eV) and P-Cl (133.1 eV) moieties [36,37]. With Ar ion sputtering 
there is an alteration in the peak position, which makes chemical assignment more difficult [38]. 
However, there is no significant change in the relative composition of the two peaks observed, 
suggesting that these are shifted due to charging effects rather than chemical composition changes. 
Irrespective of the chemical speciation issue, the phosphorus content is significantly decreased (see 
Figure 12b). This would suggest that like the chlorine (see above), the phosphorous is predominantly 
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on the surface of the QD. Furthermore, it is interesting that the presence of P-Cl moieties suggest 
incomplete reaction of the PCl3 starting material or colocation of the Cl and P on the surface of the 
QD, which explains why there is so much excess chlorine in the system. We have previously shown 
[13] that the as synthesized Ge QDs are coated with a thin native GeO2 layer, thus the presence of 
P-O species is expected within the surface. König et al. have reported that when trying to dope 
Si@SiO2 materials, the phosphorus is found mostly at the interface of the Si and SiO2 or in the silica 
with little phosphorus within the Si NC suggesting that the phosphorus prefers binding to oxygen 
[38]. Our data supports a similar distribution for the germanium analogs since the high resolution Ge 
3d spectra is shown in Figure 13 and is consistent with elemental germanium and GeO2 species [39]. 

 

 

Figure 12. High-resolution XPS P 2p peaks of Ge QDs dots prepared in the presence of 
PCl3 (sample 6) pre-sputter (a) and post-sputter (b). 

Figure 14 shows the UV-visible spectrum of the Ge QDs prepared without PCl3 (sample 1b) and 
those with 10% PCl3 (sample 6). As may be seen there is a 9 nm red shift in the band edge from 329 
nm to 338 nm [40,41], and an increased adsorption tail. The band edge shifts to 344 nm with the 
addition of more PCl3 to the reaction mixture (20% PCl3, sample 7). Figure 15 shows the derived 
Tauc plot from the UV-visible spectra. The calculated band gaps are as follows: 3.84 eV (sample 1), 
3.83 eV (sample 6) and 3.79 eV (sample 7).  
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Figure 13. High-resolution XPS Ge 3d peak of Ge QDs dots prepared in the presence of 
PCl3 (sample 6). 

 

Figure 14. UV-visible spectra of Ge QDs (sample 1) and those prepared with varying 
concentrations of PCl3 (samples 6 and 7) highlighting the shift in band edge with the 
change in concentration. 

 

Figure 15. Tauc plot from the UV-visible spectral data of Ge QDs (sample 1) and those 
prepared with varying concentrations of PCl3 (samples 6 and 7). Note that the y-axis is 
squared due to Ge having an indirect band gap.  
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The shift of band edge could be associated with a change in QD size; however, as may be seen 
from the TEM image in Figure 16 there is no significant change in the QD size (Figure 5). In 
addition, there is no change in the crystal lattice of the Ge QDs further suggesting the phosphorus is 
at the surface of the QDs.  

 

Figure 16. HRTEM image of Ge QDs prepared in the presence of 10% PCl3 (sample 6). 

 

Figure 17. Representative I/V curves measured for (a) Ag|P-Ge@SiO2|n-Si|Au and (b) 
Ag|P-Ge@SiO2|p-Si|Au prepared with P-doped Ge QDs (sample 6).  

As with the as-prepared QDs, test cells were prepared by depositing the P-doped Ge QDs into a 
silica matrix as a thin film on the Si wafer (i.e., Figure 7c) [13,19]. Test cells were prepared on both 
n- and p-type Si substrates and the I/V curves measured (Figure 17). As may be seen from Table 6 
the cell results indicate that, like the native Ge QDs, the P-Ge@SiO2 material also behaves as a 
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p-type layer. These results indicate that the phosphorus also acts as an electron-withdrawing ligand. 
However, it is important to note, that within the limitations of the cell structure, the efficiency is 
significantly greater than the inherently doped Ge@SiO2 material. It should be noted that as such the 
enhanced cell performance might be a consequence of “deep defect centers, which appear to provide 
the most efficient and fastest path for non-radiative carrier recombination” by the inclusion of P in 
the silica matrix. Such an effect has been proposed to be responsible for photoluminescent quenching 
with increased phosphorus concentration [38]. 

Table 5. Efficiency data for Ag|P-Ge@SiO2|n-Si|Au. 

Si wafer type Efficiency (%) 

n-type 0.0000 
p-type 9.3 x 10-3 

Since phosphorus was found to produce n-type particles, or at least create the effect of making 
the QD n-type within the test cell structure, boron and gallium doping were attempted. As a suitable 
boron and gallium precursor BF3OEt2 and GaCl3 were chosen, respectively. Even with the addition 
of 10% BF3, no doping of the QDs occurred, based upon XPS (Table 2). The XPS survey scan for 
the samples prepared with the addition of 10% GaCl3 during the synthesis appears to show the 
presence of gallium; however, the high-resolution Ga 3d spectrum shows that any gallium is at or 
below the detection limit of the spectrometer (ca. 0.3%).  

4. Conclusion 

As-synthesized Ge QDs contain significant chlorine, despite subsequent functionalization with 
organic amines to enhance water solubility. This surface chlorine acts as a p-type dopant, but the 
chlorine concentration appears to be critical in providing an electronically active dopant. In a similar 
manner, the addition of PCl3 during the synthesis results in surface inclusion of phosphorus within 
the native GeO2 coating of the QD. However, the formation (or retention) of P-Cl species is unusual. 
Despite the inclusion of possible dopant elements during the chemical reduction of the GeCl4 
precursor, those that can be detected are all present on the surface of the QD (s-type). This suggests 
that the self-purification process observed for Si NCs is operative in their germanium analogs [42].  
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Abstract  

Thin films have been grown using silica coated germanium quantum dot (Ge@SiO2) 

nanoparticles (NP) as well as their phosphorus-doped analogues (P-Ge@SiO2). The Ge 

quantum dots (QDs) were coated through the seeding of Stöber particles. The film thickness 

and uniformity were investigated using aqueous solutions of at a range of dilutions from 

the as prepared solutions. The films have been characterized by SEM, XRD, and I/V 

measurements of test solar cells using doped n-type Si substrates. While the films were 

relatively compact they are actually made of large plaques of particles rather than a continuous 

layer, and the film thickness showed little significant variation with concentration for the 

Ge@SiO2 films; although a more usual trend was observed for the P-Ge@SiO2 films. Films 

grown using a solution 1/4 of the maximum concentration provided the highest solar cell 

efficiency. Thermal annealing the films prior to deposition of the front and back contacts enabled 

a doubling in the cell efficiency, but did not show any marked increase in the density or 

crystallinity of the films.  

 

Keywords: silica; germanium; quantum dot; thin film; solar cell  
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1. Introduction 

Colloidal crystals are three-dimensional assemblies of mono-dispersed spheres such as 

silica or polystyrene [1,2]. These assemblies have become an interest for applications in anti-

reflective coatings, optical filters, and solar cells [3,4]. There are many methods to produce 

colloidal crystals, such as: gravity sedimentation, electrophoretic deposition, spin coating, 

centrifugation, capillary deposition, and vertical deposition [5-13]. One potential low cost and 

saleable approach has been recently studied for a wide range of films by spray deposition [14-

16]. Gravity sedimentation takes weeks even on a small scale, so using that method for mass 

production would be time consuming and costly [5,11]. For the best control at the laboratory 

scale, the vertical deposition method appears to have the most success because it is the most 

reproducible and reliable method of the above mentioned; this method also does not require 

special equipment or environment to produce the array [9-13].  

We have recently reported that germanium quantum dots (QDs) may be coated with silica 

via either a liquid phase deposition (LPD) process [17] or through the seeding of Stöber particles 

[18,19]. The formation of thin films on suitably doped silicon wafers enabled a hybrid solar cell 

device to be tested [19]. While device performance is dependent on a myriad of parameters, 

including the inter QD…QD distance, the doping of the QDs, and the conductivity of the silica 

matrix, we are interested in determining the effects of film formation and post deposition 

annealing on the device performance. We have therefore investigated the vertical deposition of 

silica coated Ge QD (Ge@SiO2) nanoparticles (NPs). Using these particles will allow for a 

similar approach as that reported in literature since the particles are externally silica. 

 

2. Experimental  

2.1. Materials and methods 

All materials were obtained commercially and were not further purified. Silica coated Ge QDs 

(Ge@SiO2) were prepared by previously reported methods [18,19]. Quartz slides (75 x 25 x 1 

mm3) were obtained from Chem Glass. Indium tin oxide (ITO) coated glass slides (75 x 25 x 1 
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mm3, 8-12 Ω/sq surface resistivity) came from Sigma Aldrich. The n-type silicon wafers were 

provided by Natcore Technology, Inc. (NXTV) with additional heavy phosphorus doping on the 

back to create a very conductive surface ready for the Au metal as a contact [19]. The wafers 

were passivated with silica to ensure the dopants remained in the wafers before use. The wafers 

were cut into 2 x 2 cm2 pieces for experimental use. The oxide layer needed to be removed from 

each piece of wafer before thin films could be deposited, and the p-type wafers needed the 

excess aluminum paste to be removed as well to stop the aluminum from contaminating the 

particles during deposition. The wafers were cleaned in buffered oxide etchant for 3 minutes to 

remove the native oxide layer and the excess aluminum paste. The pieces were then cleaned with 

DI H2O and plasma cleaned for 10 seconds to put a very thin oxide layer of about 10 nm back on 

the surface of the wafer. Without the thin oxide layer, the surface is too hydrophobic to allow the 

silica coated particles to come near the surface to create the thin film.  

Characterization of the arrays was performed with a FEI Quanta 400 ESEM FEG 

scanning emission microscope equipped with an EDAX energy dispersive spectroscope. X-ray 

diffraction was performed on a Rigaku D/Max Ultima II configured with a vertical theta/theta 

goniometer, Cu-Kα radiation, graphite monochromator, and scintillation counter. Plasma 

cleaning was performed with a Plasma Cleaner 1020 equipped with Ar:O2 (95:5) gas solution.  

The efficiency of the QD/Si cells were calculated from the I-V curves detected via 

Keithley 2420 and 2425 High Current SourceMeter with an Oriel Model 81190 Solar simulator 

equipped with a Xenon lamp, including light intensity feedback control [19]. The intensity of 

incident light was 100 mW/cm2. The solar cells were kept at a fixed distance of 6 inches from the 

light source for optimal conditions. The cells were attached to two leads, one connected to the 

back contact and the other connected to the busbar of the front contact [20]. This setup allowed 

for the measurement of the current produced by the cell with change in voltage.  

 

2.3. Vertical deposition 
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To control the array best, a 2 x 2 cm2 silicon wafer was placed vertically in a centrifuge tube with 

the coated QD solution (12 mL) having the wafer completely submerged. The solvent of the 

coated QD solution was DI H2O to obtain the most control over the film. The solution with the 

wafer was then set to dry in a fume hood at the solvent’s evaporation pace at room temperature. 

Not increasing the speed of evaporation with heat or vacuum allowed the particles to align 

themselves at the very top of the meniscus while the solvent dried slowly (Fig. 1) [10-13]. The 

solution with the wafer was sonicated briefly every couple of hours to ensure that the particles 

were evenly dispersed in the sample and not settling over time. In the case of Si wafer substrates, 

once the wafers are coated with the particles, a back contact of gold is added by sputtering. The 

front contact (gold or silver) is sputtered using a mask to create fingers across the surface without 

completely covering it with metal [20]. Both contacts are 100 nm thick, and the metal used 

depends on the identity of the dopant of the wafer and the presence of a QD containing layer 

[19].  

 

 
Fig. 1. Schematic of vertical deposition technique. 

 

 To determine if the amount of material in the solution controlled the thickness of the thin 

film, several samples were made with varying concentrations of nanoparticles (NPs). Ge@SiO2 

NPss varied from 0.094-1.5 M, and P-Ge@SiO2 NPs varied from 0.034-0.63 M. These 
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concentrations were diluted with DI H2O to keep everything consistent for comparison, and they 

were treated identically to the regular vertical deposition samples. 

 Annealing studies were performed on these samples. A set of four wafers was prepared 

with the same concentration of SiO2@Ge NPs (0.375 M) to create four very similar thin films of 

the same material at the same concentration. These wafers were then each annealed at a different 

temperature for comparison. One was not annealed at all as a control sample. The second wafer 

was annealed at 200 °C under an inert atmosphere of argon in a sealed system in a tube furnace 

for 1 hr. The third wafer was treated similarly at 400 °C, and the fourth wafer was treated 

similarly at 600 °C. These wafers were allowed to rest for 24 hr. after annealing to become 

reacclimated with the natural humidity of the atmosphere [21-24].  

 

3. Results and discussion  

3.1. Vertical deposition 

We have previously deposited films of nanoparticles of silica coated Si QDs (Si@SiO2 NPs) 

with an average particle size of 150 nm [17] by suspending in DI water with the substrate 

standing vertically, and the solution was evaporated on its own time at room temperature. 

Although the films appeared to be a glassy film, a closer view of the film showed that there were 

still gaps between the particles indicating that this was not a true array, and there was room for 

improvement [17]. The average particle center to particle center distance was 170 ±30 nm, 

consistent with a porous film. Other solvents were previously tested with this method [27], but 

none were found to be better than pure water. Furthermore, significantly smaller Ge@SiO2 NPs 

have been produced and are required for solar cell applications [18,19]. Thus, it is expected that 

the packing of the particles and overall topology of the thin film may alter.  

Fig. 2a shows the SEM image of a Ge@SiO2 film grown from 1.5 M solution in DI H2O. 

As may be seen by comparison with the results of an analogous growth of larger Ge@SiO2 NPs 

(Fig. 2b), the film is more densely packed. However, the film is actually made of large plaques 

of particles rather than a continuous layer (Fig. 3). Such a cracked morphology is typically due to 
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stresses upon solvent evaporation; however, it is interesting that this was not observed for the 

larger Si@SiO2 particles. Presumably, lower particle…particle forces in the latter film mean that 

a lower density structure is formed (Fig. 2b). Obviously the plaque like structure is not 

appropriate for a device since metallization causes a short through the film, see below, 

Furthermore, not only are the plaques separated from each other in the plane of the substrate, but 

in some cases, the plaques are even separated and peeled up from the silicon wafer surface (Fig. 

3). This separation also causes an issue with achieving higher efficiencies because whatever 

current the thin film generates cannot be transferred to the wafer to complete the circuit. Due to 

these issues, concentration and annealing studies were done to determine if these problems could 

be combatted with slight modifications. 

 

 
Fig. 2. SEM image of particles in a typical (a) Ge@SiO2 QDs (d = 17 nm) deposited on a n-type 

Si wafer substrate from DI water suspension compared with (b) larger Si@SiO2 QDs (d = 150 

nm) deposited under similar conditions (used with permission from ref. 17. Copyright: Elsevier 

2012). 
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Fig. 3. SEM images of (a) the surface and (b) the cross-section of a typical Ge@SiO2 QD thin 

film grown on n-type Si wafer from DI water suspension.  

 

In order to determine if the concentration of the particle solution affected the uniformity 

as series of the films were grown with both Ge@SiO2 and P-doped Ge QD derivatives (P-

Ge@SiO2). The concentrations of the as prepared (see Experimental) Ge@SiO2 (1.5 mol/dm3) 

and P-Ge@SiO2 (0.63 mol/dm3) NP solutions were determined from weight measurements after 

drying. This difference in NP concentration is most likely due to the change in QD surface with 

the presence of phosphorus [19]. A series of standard dilutions (1/2, 1/4, 1/8, and 1/16 of the original 

solutions) were prepared to determine if there is a correlation between concentration and film 

thickness and/or continuity.  

Fig. 4 shows top and cross sectional views of films grown from different concentration 

solutions of Ge@SiO2 NPs. Regardless of the concentration of the particles, the packing between 

the particles remains constant and relatively close, resulting in a dense film. However, as the 

concentration decreased, the uniformity of the film decreased. More importantly, in most of the 

films, regardless of concentration, plaques of particles were still formed with the exception of the 

lowest concentration of Ge@SiO2 NPs (0.094 mol/dm3). The non-uniform nature of the films 

may be a consequence of the slow rate of film growth (days). In order for the NPs not to 
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precipitate out of solution through aggregation, the reaction must be sonicated. This sonication 

may result in the damage of the grown film and the loss of fragments to the solution.  

 

 
Fig. 4. SEM surface and cross-sectional images of films formed from varying concentrations of 

Ge@SiO2 NPs solutions in DI H2O: 1.50 mol/dm3 (a and f), 0.750 mol/dm3 (b and g), 0.375 

mol/dm3 (c and h), 0.188 mol/dm3 (d and i), and 0.094 mol/dm3 (e and j).  
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The graph in Fig. 5 shows that little to no correlation between concentration and film 

thickness of Ge@SiO2 particles, except for the lowest concentration. It is worth noting that it is 

only at the lowest and highest concentrations that uniform films (small standard deviation in 

thickness) are formed. We have previously observed that too rapid an evaporation rate can cause 

the surface of the film show wave-like features [17]. This is not the case here, instead there is an 

inhomogeneous film growth; however, the NP…NP interaction compared to the NP…solvent 

interaction has been discussed as a controlling factor in film uniformity [8]. Although there is an 

obviously smaller film thickness with the lowest concentration of particles, the film also covered 

much less of the wafer. Higher concentrations could not be studied since even at 1.5 mol/dm3 the 

particles have a hard time staying in solution.  

 

 
Fig. 5. Film thickness versus concentration of Ge@SiO2 NPs.  

 

The same experiments were performed with the phosphorus-doped quantum dots coated 

with silica (P-Ge@SiO2). The base solution of these particles is lower than that of the undoped 

analogs; however, a similar trend is observed for the films grown. SEM images of the top and 

cross sectional views for films grown from each concentration are shown in Fig. 6. It is clear that  
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Fig. 6. SEM surface and cross-sectional images of films formed from concentrations of P-

Ge@SiO2 NPs. NPs solutions in DI H2O: 0.630 mol/dm3 (a and f), 0.315 mol/dm3 (b and g), 

0.158 mol/dm3 (c and h), 0.079 mol/dm3 (d and i), and 0.034 mol/dm3 (e and j).  
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these are very similar to the undoped films with plaques of close packed particles that are not 

touching each other or sometimes not touching the wafer. The variation of film thickness with 

the concentration of P-Ge@SiO2 NP solution is shown in Fig. 7. Here there is the more expected 

trend, but again the variation in film thickness within a sample is wide.  

 

 
Fig. 7. Film thickness versus concentration of P-Ge@SiO2 NPs.  

 

We have previously demonstrated [19] that both the Ge@SiO2 and P- Ge@SiO2 NP thin 

films deposited on n-type Si wafers (see Experimental) allow for the fabrication of low 

efficiency (as a consequence of film uniformity) solar cells of the type defined as 

Ag|Ge@SiO2|n-Si|Au shown in Fig. 8. Ge@SiO2 and P-Ge@SiO2 NP thin film layers were 

deposited on n-type wafers with silver front and gold back contacts. The I/V curves were 

measured for these cells (see Fig. 9). As may be seen from Table 1, the as synthesized 

concentrations used previously [19] were not determined to be the optimal concentration for 

either Ge@SiO2 or the P-doped homologs. Despite each type of NP having a different as-

synthesized concentration (Ge@SiO2 = 1.5 mol/dm3 and P-Ge@SiO2 = 0.63 mol/dm3) the best 

devices were fabricated using films with a quarter of the natural concentration. The difference in 

the as-synthesized concentrations is not due to the pH of the QD solutions; as both reagent 

solutions are at pH 3.9. It can be observed that the incorporation of PCl3 into the reaction mixture 
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used for synthesizing the QDs (a toluene solution of GeCl4 and LiAlH4 in the presence of 

tetraoctylammonium bromide) slows the initiation of the reaction down (hours versus minutes) 

and the resulting material is a lot less concentrated. Although these two sets of particles are at 

two very different concentrations, the relative natural concentration ratio of their highest 

efficiencies is the same as seen in Fig. 10.  

 

 
Fig. 8. Schematic representations of the Au|Ge@SiO2|n-Si|Ag test devices.  

 

!

Fig. 9. Representative I/V curves measured for (a) Ag|Ge@SiO2|n-Si|Au (solid line) and (b) 

Ag|P-Ge@SiO2|n-Si|Au (dashed line).  
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Table 1 

Concentration studies of untreated Ge@SiO2 and P-Ge@SiO2. 

QD  Actual concentration 

(mol/dm3) 

Relative  

concentration 

Efficiency  

(%) 

Ge@SiO2  1.5 1 0.0025 

  0.75 1/2 0.0004 

  0.38 1/4 0.013 

  0.19 1/8 0.000 

  0.09 1/16 0.011 

P-Ge@SiO2  1.26 2 0.0014 

  0.63  1 0.0093 

  0.32 1/2 0.018 

  0.16 1/4 0.033 

  0.08 1/8 0.0002 

  0.04 1/16 0.0045 

 

The plot in Fig. 10 raises two interesting points. First, for both QDs the best devices are 

produced using films grown from 1/4 of highest concentration; even though the absolute values 

are different. We propose this is related to solutions at some value below the saturation point, 

and therefore the deposition rate is more controllable. At lower concentrations presumably the 

quality of the films is too variable for a suitable cell. This is most likely the reason for the second 

observation, that the values of devices are produced using films grown from 1/8 appear worse 
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than the more dilute solutions. Given the potential of short-circuiting the cells with incomplete 

coverage, this is most probably an anomaly.  

 

 

Fig. 10. Cell efficiencies for (a) Ag|Ge@SiO2|n-Si|Au (black) and (b) Ag|P-Ge@SiO2|n-Si|Au 

(grey) at varying relative concentrations of the NP solutions used to grow the films.  

 

3.2. Annealing studies.  

In an effort to densify the films, we have investigated thermal anneal in a stepwise manner. 

Based upon prior results with silica particles [21,22] we first annealed the samples to 200 °C, 

which has been reported to remove the residual water between particles without giving them 

enough energy to move closer [21,22]. Heating to 400 °C has been reported to aid in packing the 

thin film better [21]. Finally it has been reported that heating to 600 °C results in the initiation of 

melting of the particles resulting in a change of shape. The latter would be considered sintering 

rather than annealing but could still be considered useful since the quantum dots are randomly 

placed in the silica particles [18] and removing any space between the particles could create a 

quantum dot impregnated glass [21-25].  
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 SEM images of the top and cross-sectional images of Ge@SiO2 films grown from 0.38 

mol/dm3 solution after annealing at various temperatures is shown in Fig. 11. There was not 

much of a difference between any of the samples to be able to definitively say that the 

temperature has a real effect on the films as seen in the graph of Fig. 12. However, it is worthy to 

note that in the 600 °C film there were a few areas where particles could not be discerned, and it 

appeared as though there were solid pieces of material instead of aggregates of NPs, as seen in 

Fig. 11d.  

 

 
Fig. 11. SEM surface and cross-sectional images of as deposited Ge@SiO2 NP thin films (a and 

e) as compared to those annealed to 200 °C (b and f), 400 °C (c and g), and 600 °C (d and h) for 

1 h at each temperature. 
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Fig. 12. Film thickness as a function of anneal temperature for Ge@SiO2 NP thin films. 

 

XRD analysis of the films also showed that there is little change in the their crystallinity 

upon annealing. The XRD data shows silicon (002) at 33.2 2θ, while the silver from the front 

contacts and aluminum from the sample holder showed a broader peak due to the closeness of 

the peaks with Ag (111) at 38.2 2θ and Al (111) at 38.5 2θ. Regardless, these annealed films 

were studied for efficiency improvements, and the results are shown in Table 2. Two sets of 

samples were run. First, samples were annealed after deposition, but before the front and back 

contacts were deposited, i.e., Ge@SiO2|n-Si. Second, thermal annealing was undertaken after the 

front and back contact were added, i.e., Ag|Ge@SiO2|n-Si|Au. The data reveals that irrespective 

of at what stage the annealing was performed, heating to 400 °C gave the most enhancement in 

the cell efficiency. However, the increase in efficiency for the cell with contacts is only 28% 

over the as deposited film, while the cell without contacts efficiency increases 100% indicating a 

stronger argument for annealing the solar cells before placing the contacts on them.  
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Table 2 

Annealing studies with solar cells. 

Sample Annealing temperature (°C) Efficiency (%) 

Ge@SiO2|n-Sia untreated 0.0075 

 200 0.0000 

 400 0.0150 

 600 0.0000 

Ag|Ge@SiO2|n-Si|Au untreated 0.0025 

 200 0.0016 

 400 0.0032 

 600 0.0010 
a Silver front and gold back contacts were deposited after thermal treatment.  

 

4. Conclusions 

Despite the vertical deposition method being faster than the evaporation process previously 

employed, none of the films created were ideal regardless of thickness or annealing. The best 

results with regard the test cell performance where at a concentration a quarter of the saturated 

concentrations of the NPs. However, under that level of dilution, the particles were too dispersed 

to make a reliable connection, and the efficiencies decreased beyond that point. Annealing also 

proved useful at 400 °C especially if the annealing was performed before the metal contact was 

applied.  

 It is interesting to note that the Ge@SiO2 NPs formed from the Stöber synthesis [18] all 

produce lower quality porous films than those that use the liquid phase deposition (LPD) process 

[17]. Given that the LPD process involves the generation of HF as a side product and this results 

in a continual growth/etch process [28], we propose that the LPD growth of dense thin films 

offers benefits over the Stöber synthesis. It would be interesting to combine these solutions with 
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a spray process [14-16]. Finally, we note that aerosol assisted chemical vapor deposition 

(AACVD) may be the best option for a uniform array. AACVD would also allow for a 

completely glassy layer to be produced [29-31]. One particular report creates phosphorus-doped 

germanium using this method, so it is possible to use this method for solar cells [31]. 

Additionally, this method can be completely customized with QD concentration, precise glass 

layer thickness, and atmosphere control to ensure that the QDs will not oxidize at the higher 

temperatures required for this method.  
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