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Abstract 

 

We used a calorimetric method to measure the microwave absorption of a high-

mobility 2-dimensional electron gas in small magnetic fields. The calorimeter responded 

well to the signal even when reduced to a single dot. Curiously, in the smaller dot lattices 

we found the zero-field plasmon resonances to be much less the than expected values; 

however a second, larger sample yielded better values. As a result of the high mobility of 

the sample we also saw evidence of the second harmonic of the zero-field plasmon 

frequency coupling with the cyclotron resonance, although a corresponding edge mode 

was not found. The calorimetric method appears to be a valid means of measuring signal 

absorption in a 2DEG and has potential for probing other types of systems.  
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Chapter 1: Introduction 

1.1 2-dimensional Electron Gas (2DEG) 

Reduced dimensional systems have been of interest to many researchers over the years, 

particularly two-dimensional electron and hole systems. By tightly confining the charge carriers 

in one dimension, many new interesting physics can be observed, such as the quantum Hall 

effect and Shubnikov-de Haas oscillations [1, 2].  These systems are typically created at the 

interface of two modulation-doped semiconductors (simply meaning that the doping layer is 

separated from the 2DEG by another, undoped layer). The most common semiconductors used 

are GaAs and AlGaAs although other combinations are possible as well.  Due to the different 

energies of the semiconductor bandgaps, charge carriers are trapped in the z-direction but still 

able to move freely in the x- and y-directions.  

 

Figure 1.1 Band structure of a typical GaAs/AlGaAs heterojunction. 

 



 

 

 

Creating a smooth interface between the semiconductor layers is crucial to prevent impurities 

and excess scattering. Molecular beam epitaxy has become the dominant

production, as the impurity level can be extremely low and high

produced.  

 

1.2 2DEGs in a Magnetic Field

The behavior of charges moving in a constant, static magnetic magnetic field is described 

by the Lorentz force equation: 

Figure 1.2

When a magnetic field is applied to a 2DEG along the z

orbits described by this equation. These orbits are known as cyclotron orbits 

given by: 

Creating a smooth interface between the semiconductor layers is crucial to prevent impurities 

scattering. Molecular beam epitaxy has become the dominant method of 2DEG 

production, as the impurity level can be extremely low and high-mobility wafers can be 

ield 

The behavior of charges moving in a constant, static magnetic magnetic field is described 

by the Lorentz force equation:  

�� � ��� � ���			
1.1 

 

Figure 1.2 The Lorentz force on a point charge 

When a magnetic field is applied to a 2DEG along the z-axis, the electrons move in circular 

orbits described by this equation. These orbits are known as cyclotron orbits 

�� � ��∗�� �			
1.2 

�� 

2 

Creating a smooth interface between the semiconductor layers is crucial to prevent impurities 

method of 2DEG 

mobility wafers can be 

The behavior of charges moving in a constant, static magnetic magnetic field is described 

axis, the electrons move in circular 

orbits described by this equation. These orbits are known as cyclotron orbits with a frequency 
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Where m* is the effective mass of the electrons in the 2DEG and e and me are the free electron 

charge and mass, respectively. Using the Landau gauge i.e. B = (0,0,B) and the vector potential 

A = (0,Bx,0), the Schrödinger equation for this system can be written as: 

12�∗�� ���� + ��� − ������Ψ
�, ! = "Ψ
�, !			
1.3 

This is the form for a one-dimensional harmonic oscillator and the corresponding energy levels  

have the solution: 

"$ = %& + 12' ℏ�� 			
1.4 

This means that electron energies in a 2DEG under a magnetic field are quantized into equally-

spaced levels known as Landau levels. The spacing of these levels is directly dependent on the 

magnetic field strength.  In Figure 1.3 this is illustrated. In the absence of a magnetic field the 

density of states in two dimensions is constant, but this collapses into quantized states when B ≠ 

0.  

 

Figure 1.3 Energy vs. density of states with and without a magnetic field present. As B 

increases, so does the separation between energy levels.  



4 

 

 

 

In an ideal system these energy levels are described by delta functions, as in Figure 1.3. 

However, this is not realistic, as various impurity and defect scattering give rise to energy level 

broadening.  In order to see the resonance case we must be sure that the broadening is at least as 

large as the separation between Landau levels. We define the width of the Landau level Γ	: 
Γ � ℏ*+ 			
1.5 

Where tq is the scattering time, or average time between random scattering events. This 

separation must be less than the Landau separation: 

ℏ�� > ℏ*+ 			 
1.6 

��*+ > 1			
1.7 

This condition must be met so that, on average, an electron can complete at least one cyclotron 

orbit before scattering [1].  

Also of interest is that as B increases, lower Landau levels will move up and pass through the 

Fermi energy. This will result in Ef alternating between lying inside a Landau level and lying in 

between Landau levels. This alternation is the physical basis for Shubnikov-de Haas oscillations 

[1,2]. Although SdH does not play an important role in this particular paper, it is a well-known 

property of 2DEGs. 

 

1.3 Plasmon Oscillations in a 2DEG 



 

 

 

A plasmon is defined as the collective oscillation of charge carriers in a material. Plasma 

oscillations in a bulk material are dependent on the electron density and effective mass:

However, in a reduced dimensional system such as a 2DEG, this resonance frequency becomes 

dependent on geometry. The theory of plasmon oscillations in 2

established in 1967 [3] and was first observed in electron sheet

silicon inversion layers [5,6,7]

the following relation: 

Where q is the wavevector given by the system’s geometry

Where w and d are the width and

confined by the physical dimensions of 

A plasmon is defined as the collective oscillation of charge carriers in a material. Plasma 

oscillations in a bulk material are dependent on the electron density and effective mass:

�0� � 41&����∗ 			
1.8 
However, in a reduced dimensional system such as a 2DEG, this resonance frequency becomes 

The theory of plasmon oscillations in 2-dimensional systems was

and was first observed in electron sheets on liquid helium [4], and later in 

]. These tests confirmed the 2DEG plasmon resonance,

�0� � 21&�����∗ 			
1.9 
Where q is the wavevector given by the system’s geometry [3,8,9,10]: 

� � 1 4⁄ 	
6�789&:;�2.4/=		
7>67;� 			
1.10 
Where w and d are the width and diameter of the 2DEG, respectively. The resonances are 

confined by the physical dimensions of the 2DEG, as seen in Figure 1.4 below

 

w 

5 

A plasmon is defined as the collective oscillation of charge carriers in a material. Plasma 

oscillations in a bulk material are dependent on the electron density and effective mass: 

However, in a reduced dimensional system such as a 2DEG, this resonance frequency becomes 

dimensional systems was first 

s on liquid helium [4], and later in 

tests confirmed the 2DEG plasmon resonance, given by 

The resonances are 

below. 
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Figure 1.4 Plasmon resonance in a long, thin 2DEG  

Given the square root dependency on q, the higher order resonances are not integer multiples of 

the zero-field resonance frequency, but go like a square root behavior: 

�� � �@√2			
1.11 
In a 2DEG subject to a magnetic field, the cyclotron and plasmon resonances will couple 

together. The resonance coupling between these plasmons and the cyclotron motions have since 

been predicted and are now well understood theoretically [10,11] and have been measured 

experimentally under a wide range of magnetic field strengths, signal input, and sample 

parameters [12-17]. This magnetoplasmon resonance has also been measured in both 2-

dimensional dot and antidot [18] arrays, where multiple resonance branches are predicted [19]. 

Specifically in dot arrays the bulk and edge mode are predicted by theory and have been 

reproduced experimentally [12,13]. Figure 1.5 shows an excerpt from Heitmann [19].  

  

a) 
b) 
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Figure 1.5. a) Experimental observation of the w+/w- modes in a 2DEG. b) The modes 

correspond to propagation both in the same direction of and opposite to the cyclotron resonance.  

 

At large magnetic fields the higher bulk mode approaches the cyclotron frequency while the 

lower frequency, the edge mode, approaches zero.  As the magnetic field decreases to zero, both 

modes approach the zero-field plasmon resonance. Other studies have produced similar results 

on GaAs. Störmer et al. found collective magnetoplasmon excitations in small 3u GaAs dots 

[12]. By plotting the sheet conductance as a function of frequency they obtained the results 

shown in Figure 1.6.  

 

Figure 1.6 a) A sweep of frequency showing the zero-field plasmon resonance and the 

separation of w+/w- modes at higher field. b) A plot of the resonance points as a function of field 

strength.  

a) b) 
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Despite a significant reduction in the electron density (around ~33%), the results agreed well 

with the established theory. However, these tests were heavily limited by the lower mobility of 

the sample, resulting in a linewidth of about 100 GHz. In order to see the higher resonances of 

the branches, a higher mobility sample must be used. This experiment was repeated more 

recently by Kukushkin et al. They examined larger dots with much higher mobility, which 

reduced the resonant plasmon frequency and linewidth [16]. The magnetoplasmon resonances 

are seen in the figure below.   

 

Figure 1.7. Resonances of various samples as presented by Kukushkin et al. A refers to the 

retardation factor which grows as the density and diameter increase.  
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From the figure, both the w+ and w- modes are clearly seen in all of the samples. Sample (b) also 

has a second harmonic seen at a multiple of √2. Curiously the edge mode corresponding to this 

second harmonic is not observed. Another interesting phenomenon observed here are the 

retardation effects. For small radii the w+ mode behaves as predicted, approaching the cyclotron 

resonance as B increases. However for larger densities and radii the w+ mode crosses through 

the bulk mode, and even shifts direction for a large density. Retardation effects were predicted in 

Stern’s original paper [1] and Kukushkin introduces the factor A, proportional to both the density 

and the diameter size. They believe this factor is related to the magnitude of the retardation 

effects, and for sufficiently small A they can be ignored:  

B	~	D&�E			
1.12 

Both of these tests have successfully measured the magnetoplasmon resonances in GaAs dot 

arrays. In these experimental setups, measurements of the signal absorption are usually 

performed using Raman spectroscopy or by direct electron transport measurement. In the next 

section we present a simple noncontact method to measure the signal absorption as a function of 

temperature change in the sample and compare with results obtained using other methods.  
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Chapter 2: 2DEG and Experimental Methods 

 

2.1 Sample Preparation 

The samples used were sections cleaved from a GaAs/AlGaAs 2DEG of electron density 

&F � 2 × 10@@	cmI� and mobility J = 12 × 10K 	 LMN
O∙Q . Figure 1.1 illustrates the composition of 

this particular sample. Two of these sections were patterned with a square array of 2-dimensional 

dots using standard photolithography techniques, given below: 

1. Wash the samples for five minutes each in acetone and isopropyl alcohol (IPA), 

followed by a rinse in water and nitrogen drying. This ensures that the surface 

of the sample is clear of any debris that may interfere with the lithography. 

2. Deposit a layer of S1813 photoresist using a spin coater. Spinning the samples 

at 6000 rpm for 40 seconds will result in a photoresist thickness of 

approximately 15000Å. 

3. Soft bake the samples on a hot plate at 95°C for 60 seconds. 

4. Perform the photolithography. The optimal exposure power of S1813 is 150mJ. 

Given the mask aligner used in this case (Süss MicroTec MBJ4) this 

corresponds to about 7.5-8 seconds of exposure time. Soft contact is sufficient 

for larger dots but hard contact may be necessary for  very small dots.  

5. Once sample has been exposed, place in developer 321 for 45 seconds. The 

sample may need longer to develop. When sample is fully developed – this can 

be checked with an optical microscope at low power – rinse in water and dry 

with nitrogen gas. Caution must be used when using the nitrogen, if it is too 

powerful is may cause the photoresist to shift.  
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6. Using a 1:1:38 mixture of phosphoric acid/hydrogen peroxide/water as an 

etchant, remove the top layer of the sample. The 2DEG is located about 300nm 

below the surface of the sample. Given the etching rate of the solution 

(1200Å/minute), this means that the sample must be immersed for at least 2.5 

minutes. Etching the sample longer will increase the depletion zone of the 

sample. 

7. When the etching is complete, remove the last of the photoresist with an 

acetone/IPA bath and rinse with water. In this case we will not use any contacts 

so no deposition is necessary. 

8. To cleave the sample into smaller subsections, deposit another layer of 

photoresist on top of the sample then cut from the backside. This ensures that no 

debris or dust will interfere with the 2DEG array on the surface. After cutting, 

remove the photoresist with acetone.  

There are some practical factors to be considered when designing the layout of the array. For a 

dot array it is essential that the dots do not interact with each other. This means that the 

separation between dots should be fairly large, at least twice the diameter of the dot in most 

cases. In our case, the first sample had a dot diameter of 10µ and a period of 30µ and the second 

sample had a dot diameter of 6µ and a period of 18µ. Another interesting side effect of these 

non-interacting dots is that it makes the lattice structure irrelevant – we have simply chosen a 

square lattice for convenience. A triangular lattice or even a random assortment of dots would 

serve just as well. This is in contrast to an antidot lattice where interaction between dots is 

present regardless of lattice spacing and lattice structure affects the resonance.  
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Figure 2.1 Subsections of (a) d=10u diameter lattice and (b) d=6u diameter lattice. The period 

of each array is given by 3d.  

2.2 The Calorimetric Method 

The method used to measure the resonances was a contact-free calorimetric method, or 

measurement of the signal absorption by way of temperature change. The sample was placed on 

b) 

a) 
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a sapphire substrate suspended on a brass cavity by thermally-insulating epoxy. As seen in 

Figure 2.2, the section of the substrate containing the sample is exposed to the signal while the 

opposite side (containing the thermometer) is shielded from the signal. At low temperature the 

sapphire acts as a thermal conductor between the sample and thermometer allowing for quick 

and direct measurement of the sample’s temperature change. 

 

Figure 2.2 Calorimetric setup used for recording signal absorption of the dot lattice array. The 

Cernox thermometer and sample are thermally connected by a sapphire substrate but insulated 

from the rest of the cavity. 

 

The thermometer used for these measurements was a Cernox 1070 resistance 

thermometer. As an insulator, the resistance increases according to a power law as the 

temperature drops, starting around 80Ω at room temperature and reaching over 12 kΩ at 4.2K. 

The gradient of the resistance at this point is around 1000 Ω/K, allowing for temperatures 

Sample 
Brass Holder 

Sapphire 

substrate 

Thermometer 

(located under 

shield) 
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changes on the order of millikelvins to be detected. An approximation of this curve based on the 

known calibration points is seen in Figure 2.3. Thus signal absorption can be measured 

effectively by monitoring the change in resistance of the thermometer, which corresponds to the 

real part of the conductivity in the sample. 

 

Figure 2.3 Left: Approximation of the resistance as a function of temperature for the 

thermometer, based on the known resistance at 300K (80Ω), 77K (~500Ω), and 4.2K (12.5 kΩ). 

Right: Scale below 10K, showing the steep gradient at 4.2K. 

 

Given that the thermometer only has two leads, a pseudo four-terminal measurement was set up 

to measure the signal. A lock-in amplifier provided an alternating current of 1 µA at 13 Hz to the 

thermometer and measured the change in potential across the leads. A diagram of the circuit is 

seen in Figure 2.4.  
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Figure 2.4 A diagram of the circuitry used in the setup. A lock-in amplifier provides the current 

and measures the voltage across the thermometer. 

2.3 Experimental Setup 

The sample and calorimeter were attached to the end of a waveguide, as seen in Figure 

2.6. This waveguide was then placed in an aluminum jacket which was sealed and pumped to a 

pressure of ~1x10^-4 torr. The jacket was then cooled in a 4.2 K liquid helium bath. To expedite 

the cooling process a small amount of helium gas was added into the jacket. Using this method, 

the sample can be quickly cooled to 4.2K but is not actually immersed in the helium. Prior to 

testing the sample was illuminated with white light for two minutes to improve electron density 

and mobility. This illumination manifested itself in a very small change in the resistance, around 

10Ω. In order to maintain equal power across the sample, a constant, unpolarized microwave 

signal ranging from 26GHz to 40GHz was then applied perpendicularly to the 2DEG. Using the 

Cernox 

1070 

RS  

1V / 13 Hz 

1MΩ  
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3-Tesla superconducting magnet contained inside the dewar,  the magnetic field was then swept 

from -0.2T to 0.2T at a rate of 0.05 T/min. The change in the resistance of the thermometer, 

corresponding to the change in temperature of the sample, was monitored during the sweeps.  

   

Figure 2.6. Diagram of liquid helium dewar used in experiments. 

  

Waveguide 

Brass holder with sample 

Jacket immersed directly 

into liquid helium 

Exchange gas between 

sample and jacket wall 

Magnetic coil  

��� 

Microwave input 
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Chapter 3: Measurement of Magnetoplasmons 

3.1 Data and Analysis 

The 10u sample was tested first, and a typical magnetic field sweep is seen in Figure 

3.1a. Interestingly, for this lattice two resonances are seen on each side at the higher frequencies. 

These features are not seen below 30GHz and are also not seen on the 6u sample, although below 

B=0.02 the features are difficult to resolve. The resonant field was found by fitting the peaks to a 

Lorentzian curve as expected by the Drude model. To compensate for the slight position shift 

due the sweeping direction, the resonant fields on either side were averaged. This shift is 

systematic and is due to flux trapping within the coil – i.e. zero field strength is not actually zero 

field! Polarization of the microwave signal accounts for the differences in signal strength 

between the two sides. This phenomena appears to be dependent upon incident power, applied 

frequency, and sweeping direction.  

The 6u-dot sample also showed a strong response, but only a single peak as opposed to 

the double resonance of the previous sample, as seen in figure 3.1b.  
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 Figure 3.1 (a) Sample magnetic field sweeps for the 10-micron dot lattice when illuminated 

with a 38 GHz signal at 15 dBm.  Solid and dotted lines represent positive and negative direction 

of sweeps, respectively. The direction of the sweep produces a small shift in position due to 

polarization. (b) A similar sweep for the 6u-dot lattice 
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Extracting the resonances and plotting the positions versus microwave frequency: 

 

 

Figure 3.2 (a) Resonant fields as a function of applied microwave frequency for and 10-micron 

dot lattices with fit lines using the plasmon frequency as the fitting parameter. Bulk cyclotron 
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resonance was not detected but the line is shown in red for reference, using m* = 0.07. The 

theoretical edge plasmon mode is shown in green but was not observed.  (b) A similar plot for 

the 6-u sample. 

 

The expected coupled resonances of a dot array are given by: 

														�± � ±��2 + UV��2 W� + �0�			
3.1 

Where wc is the cyclotron frequency and wp is the zero-field plasmon frequency given by the 

following expression [10]: 

�0� = &���129�∗
X@ + X�			
3.2 

In this case, a refers to the radius of the dot m* the effective mass (0.07me in GaAs), and ε1 and 

ε2 the dielectric constants of air and GaAs (~1 and 12.9, respectively). This averaging of 

dielectric constants is an approximation used in all of the previous experimental studies on GaAs 

and accounts for the differing mediums on either side of the 2DEG. Using the electron density 

given above, the expected zero-field plasmon resonances are 64 GHz for the 10u sample and 83 

GHz for the 6u sample.  In Figure 3.2 the resonant field positions are plotted against the applied 

microwave frequencies and fitted to the form of equation 3.1 using the known cyclotron 

frequency. From this we obtained resonances of 20.7GHz and 27.3 GHz for the resonant 

frequencies, respectively. These values are significantly reduced from their expected values but 

the proportion remains approximately the same. Knowing that the only difference between the 

two samples is the radius, we expect: 
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�@�� 	 ∝ U9�9@ ≈ 1.29 

Taking the ratio of the frequencies, 27.3/20.7 ≈ 1.31, consistent with the ratio that is expected. 

Since the samples were prepared on the same wafer and cleaved post-production, this implies 

that the effective density of the electrons is much less than the value given earlier, approximately 

10% of the original density. Reduction of the plasmon resonance is not unusual [10,16].  This 

could also be due to poor response by the sample to the illumination - it has been noted earlier 

that illuminating a processed sample can have minimal effect on the density and mobility [10]. 

Another interesting feature is the presence of the second resonance in the 10u sample, this was 

determined to be an overtone of the plasmon mode coupling with the cyclotron resonance. The 

zero-field resonance of this mode is 29.3 GHz. It is expected that the ratio of the modes be equal 

to  √2 and upon calculation 29.3/20.7 ≈ 1.41.  

 Based on these samples it seems as though our method is sufficient for identifying the 

location and width of the magnetoplasmon resonances. However, there are two areas that we 

wish to improve upon:  

1. Identifying a more accurate zero-field resonance i.e. less loss of charge carriers.  

2. Detecting the edge modes of the samples 

These two points go hand in hand. The original samples were chosen so that the edge modes 

would be within our experimental range but the reduction in electron density prevents these 

modes from being seen, even at our lowest frequencies. To correct this, another sample was 

created featuring a very large single dot, around 0.5mm in diameter. This sample was cut from 
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the same wafer as previous arrays and was made using the exact same method described earlier. 

A picture is seen in Figure 3.3.  

 

Figure 3.3 500u-diameter dot. Only a single dot was tested for this sample 

The single dot posed no problem for the micro-calorimeter to detect, although the resonance was 

significantly weaker than in previous samples. An example sweep with the resonance curve is 

shown in figure 3.4.  
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Figure 3.4. Location of the resonance peaks for the 500u dot sample. As the frequency increased 

the strength of the resonance grew weaker. 

The expected plasmon resonance of this sample is 25.8 GHz, and extrapolating the fit of the line 

above the resonance extracted is 24.2 GHz. It seems as though the larger dot provides a much 

more accurate value of the zero-field plasmon resonance. Although in this case the second 

harmonic that was present in the 10u-dot sample is absent. The resonance also became very weak 

at around 34 GHz, around the order of the background noise. Further investigation in these types 

of large dots is needed.  

 In this experiment we used a calorimetric method to locate magnetoplasmon resonance in 

a two-dimensional dot array. The calorimetric method proved to be an effective means of 

measuring signal absorption in the sample. The observed zero-field plasmon modes were smaller 

than predicted; this is likely due to a loss of charge carriers in the processing. However, a larger 

dot returns an accurate zero-field resonance.  
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3.2 Future Work 

The calorimetric method has several advantages. It requires no electrical contacts, no 

sample preparation, can detect millikelvin-level changes in temperature, and works on extremely 

small samples. As mentioned before, at 4.2K the temperature gradient is around 1000 Ω/K, but at 

lower temperatures the resistance and corresponding gradient will be even higher. We possess 

the equipment required to reach temperatures of around 300mK, so the precision of the 

calorimeter can, in theory, be increased by over an order of magnitude. The results on the single 

dot were also encouraging – we can detect signal absorption in extremely small samples even 

with the current setup. By increasing the precision the samples can be made even smaller and 

still produce reliable data. 

Another idea for increasing the precision of the probe is by adding a differential 

component. Even doing our best to remove heating effects on the thermometer, there is still some 

background radiation. By adding a second sapphire substrate with no sample, we can measure 

the heating effects directly on the sapphire and subtract them from the overall signal. Adding all 

of the ideas together can create a high-sensitivity calorimeter with very little noise.  

 The next tests of the calorimeter will be performed on triangular antidot lattices. By 

constructing the lattices in a certain way it can mimic the properties of graphene. Artificial 

graphene has been an area of interest lately. Our ultimate goal is to be able to use this method to 

study carbon nanomaterials – graphene, nanotubes, and nanoribbons. We particularly want to 

study electron spin resonance (ESR) in carbon nanotubes, specifically a single nanotube. ESR is 

notoriously difficult to study in nanotubes, and we believe that the level of precision afforded by 

the calorimeter will be sufficient to measure signal absorption in nanotubes. ESR has never been 
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measured in a single nanotube and doing so would give incredible insight into the theory of 1-

dimensional electron systems.  
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