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ABSTRACT 

Semiconductor Behiavor of Polycrystalline Oxide Films on Iron 

By 

Luke W. Ballenger 

The semiconductor behavior of zone refined, 9$.$5% (MRC) and Armco 

iron oxides has been studied. The three types of iron were compared for 

stability and intensity of semiconductor properties. Also the influence 

of oxide thickness on semiconductor behavior was measured. The semi¬ 

conductor characteristics were measured by polarization curves, with and 

without light and differential capacitance techniques. 

It was found that semiconductor properties and stability were in¬ 

fluenced by impurities in the iron. The properties were not affected by 

small changes in impurity concentration, but the stability decreased with 

increasing impurity concentration for the thick iron oxides. 

The stability and semiconductor nature of the iron oxides was not 

greatly dependent on the oxide thickness. Thin oxides also displayed 

semiconductor behavior but to a lesser extent than the thick oxides. 
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I. Introduction 

In the recent years there has been considerable interest in the metal 

oxide solution interface in general and its semiconductor properties in 

particular. Studies on metal oxides are done to obtain information on 

passivity, corrosion mechanisms, and charge transfer across potential bar¬ 

riers. Knowledge of these processes are useful in designing components 

in electronics and energy producing devices. Metal oxides have been used 

1 2 3 
in photogalvanic cells and in cells which decompose water. Most of 

r ^ 

the work has been done on single crystals. * * However, in view of the 

limited practicality of single crystals recent work has also included 

7 8 
studies of these oxides in the polycrystalline form. ’ 

Due to interest in polycrystalline semiconductors, initial experi- 

g 
ments were performed by Yeh on thermally generated iron oxides. Since 

Fe^O^ with slight non stochiometry was known to be semiconducting,^’^ 

the thermal approach was used to determine if enough could be 

formed on the surface to exhibit semiconductor properties. The present 

research is concerned with characterizing the thermal oxide on iron sam¬ 

ples with varying impurities. Also of interest is the comparison of dif¬ 

ferent iron samples for stability and semiconductor effects. This was 

done by differential capacitance and polarization techniques on each type 

of iron. 
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11. Theory 

A semiconductor is a material which has characteristics between 

those of a metal and those of an insulator. It allows current to flow 

in one direction but at a reduced level with respect to a metal. The 

13 
typical carrier concentration in a semiconductor is on the order of 10 

17 3 12 
to 10 carriers/lcm . A metal can be considered to have electrons at 

all energy levels. In other words the electrons are not grouped in dis¬ 

crete energy levels. An electric field applied to a metal electrode pro¬ 

duces no noticeable potential drop inside the electrode. However, in a 

semiconductor the electrons can be considered to exist in two separate 

13 
energy bands defined as conduction and valence. The valence band is 

lower in energy and is the collection of valence electrons around each 

molecule. The conduction band is higher in energy and is the ensemble 

of free, disassociated electrons in the crystal lattice. 

Figure 1 shows the relative position of the two bands. In between 

the two bands is the Fermi level. This is defined as the energy level 

where half the electrons are in higher energy levels and half in lower 

energy levels. It is a statistical phenomenon and is not a populated 

i i 1* energy level. 

Semiconductors are usually divided into two classes according to the 

majority electronic charge carrier. Those having electrons as majority 

carriers are called n-type, and those with positive holes as the majority 

carriers are p-type.^ The two classes have their own charge transfer 

mechanisms. The n-type has electron transfer from the conduction band to 

some reducible species at the interface. In the p-type positive holes 

are transfered from the valence band to an oxidizable species at the in- 
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Figure 1 

Position of the Bands in a Semiconductor 
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terface. Though the conduction and valence bands are separated by a gap, 

there may be energy levels inside this gap due to impurities. These 

energy levels alter the transport of charge carriers under the semicon¬ 

ductor. If the impurity energy level is less than kT below the conduction 

band then it can donate electrons up to the band and is defined as a donor 

state. An analogous situation exists for a level close to the valence 

band where the impurity level accepts electrons from the valence band and 

is defined as the acceptor state. 

When a semiconductor surface is in contact with a vacuum its band 

structure is that represented in Figure 1. In the electrochemical studies 

on semiconductors the picture of the bands is not normally like that rep¬ 

resentation. This is due to the readjustment of the bands to match the 

energy levels in solution. The Fermi level of the semiconductor and Fermi 

level of the solution move toward each other until they are at the same 

energy. This can only be done if the energy levels of the conduction and 

valence bands change. The energy level at the surface remains fixed while 

the two bands are bent toward the new, established Fermi level. This is 

band bending. The area formed near the surface between the old and new 

levels of the bands is the space charge region.^ At the solution — 

semiconductor interface there are three band bending situations. These 

are: 

1. The enrichment layer where the excess charge is the same as the 

bulk majority carrier. 

2. The depletion layer where the excess surface charge is of the 

opposite sign to the majority carrier, and 

3. The inversion layer where the minority carrier in the bulk be- 
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comes the majority carrier at the surface,^ 

Normally the adjustment of the Fermi levels in the semiconductor 

and solution results in the formation of a depletion layer. When light 

with energy greater than the band gap energy, E^, is shined on the sur¬ 

face, electrons are excited from the valence to the conduction band and 

the band bending decreases until there is sufficient population of the 

18 
conduction band and at that point the bands are again flat. The il¬ 

lumination of the semiconductor causes a photocurrent to flow in the 

19 
external circuit. This photocurrent can then be used to drive any 

load desired. The maximum energy conversion for an electricity producing 

cell is? 

N - $ E. , /E. , 
max e bb hv 

(1) 

where N is the maximum energy conversion factor, $ is the quantum 
max © 

yield of the photoelectrons, E^ is the energy of the band bending and 

E 20 
hv is the energy used to excite an electron into the conduction band. 

The photocurrents produce photopotentials due to the photoproduced 

electrons moving toward the bulk while the photoproduced holes move toward 

21 
the surface. The photopotential is a measure of the band bending at 

open circuit. The photopotential and band bending are both influenced by 

the position of the redox potential with respect to the conduction and 

valence bands. The closer the redox potential is to the valence band edge 

for n-types the greater the band bending and hence greater the photopo¬ 

tential. Equation 1 shows that a large band bending is desired for opti¬ 

mum energy conversion. 

Because of the photoproperties of semiconductors it is possible to 
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obtain the band gap energy from photoonset experiments. These experi¬ 

ments involve illuminating the surface with monochromatic light. The 

22 
first sign of a photocurrent provides the band gap energy. The photo¬ 

current at constant light flux would reach a maximum according to the 

energy distribution of the electrons in the valence band. Once the semi¬ 

conductor is illuminated the density of states of electrons and holes is 

altered to conform with the excitation mode. Not only does the fre¬ 

quency influence the photoresponse, but the intensity of the light does 

also. The number of electrons excited is proportional to the incident 

flux of light. The electrode's response to both variables gives an in¬ 

dication of its applicability to use as a photoelectrochemical cell. 

Although a photoelectrochemical cell has several important advantages, 

such as optimum light penetration and usage of polycrystalline substances, 

over solid state devices it still has one major drawback, corrosion. This 

24 25 
can be diminished by coatings or proper selection of a redox couple. 

A redox couple with reasonably fast kinetics is necessary to react with 

holes at the semiconductor surface. Since most semiconductors have only 

26 
one stable valence state, the removal of the minority charge carrier is 

essential. A measure of the usefulness of a particular redox couple for 

stability is the position of its redox potential in relation to the band 

gap of the semiconductor. For n-types the redox potential must be above 

the valence band edge for thermodynamic stability without illumination. 

For p-type semiconductor the redox potential should be below the conduc¬ 

tion band. 

When light is shined on a semiconductor the concentrations of electrons 

and holes changes at the surface. This causes the Fermi level to change 
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at the interface between semiconductors and solution, the quasi-Fermi 

level. To prevent decomposition of n-types by holes the quasi-Fermi 

level of the holes should be greater than the decomposition potential 

due to holes. This can be accomplished by using a redox couple which has 

its potential above that of the decomposition potential due to holes. 

Once the thermodynamics are made favorable for stability, the kinetics 

must also be considered. To keep the concentration of minority carriers 

low in order to have less chance of oxidizing the semiconductor, the 

electron transfer reaction between semiconductor and redox species must be 

27 
fast. As an example the ferri-ferrocyanide redox couple has been found 

28 
to stabilize CdS. The activation energy for the oxidation of ferrocyanide 

is much lower than for the decomposition reaction of the electrode so that 

the holes are consumed quickly. 

Finally, the stability of the electrode is dependent on pH. Since 

the flat band potential and, therefore, the relationship between the con¬ 

duction and valence bands and the redox potential changes, the stability 

of the semiconductor is affected. As the pH decreases the flat band po¬ 

tential becomes more positive and the valence band is lowered. When the 

electrode is illuminated the decomposition potential is then in the band 

29 
gap and photodecomposition can occur. 

One of the most widely used methods of gaining information about a 

semiconductor is differential capacitance. From this technique explanations 

for the photocurrent behavior, stability and kinetics of electron trans¬ 

fer can be made. Most n-type semiconductors have a depletion layer at 

the surface of the semiconductor. The differential capacitance is defined 

as: 
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(2) r dq C = SC 
SC 

dA<|) 

where C is the differential capacitance of the space charge region, q 
sc sc 

is the excess charge in the space charge region, and Avg is the potential 

drop in the region. 

Using this as the definition for differential capacitance, and under 

conditions of depletion layer formation the Mott-Schottky equation is ob¬ 

tained,30,31 

icT 

_j - 2 • <|4*.i - in (3) 
_ 2 e e e c. o 
C 0 o 0 
sc u 

In this equation e is the dielectric constant of the semiconductor, e 
0 

is the vacuum permitivity, and eQ is the electronic charge, c^ the con¬ 

centration of ionized donors, and kT have their usual meaning. On a graph 

2 2 
of 1/c vs. V the point at 1/c = 0 gives the flat band potential while the 

slope gives the carrier concentration. Recently another method has been 

32 
suggested for obtaining carrier concentrations. However, the Mott- 

Schottky plot is still the most widely used. 

When metal is heated in air, the oxide formed is dependent on a num¬ 

ber of parameters. Metals have different lattice structures and under 

similar circumstances metals with different structures form different oxides. 

Also temperature, oxygen pressure, and time greatly influence the oxide 

formed on a particular metal. Several rate equations have been used to 

describe the mechanism of oxide growth. One is the logarithemic rate 

equation: 

x=klog log (t+tQ) + A (4) 

8- 



where x is either the amount of metal transformed to oxide or the thick¬ 

ness of the oxide film, kj is the logarithemic rate constant t and t^ 

are the times of oxidation, and A is an integration constant. This rate 

expression is characteristic of metals reacting with oxygen at temperatures 

in the range of 300-400C. A second kinetic expression is the linear rate 

law: 

x=k t + c. (5) 
e i 

Here ke is the linear rate constant, and c. is the integration constant. 

The most widely considered rate law is the parabolic one. This is given 

by: 

x =k t + C 
P P 

(6) 

where k is the parabolic rate constant and C is the integration constant 
P P 

33 
for the parabolic equation. 

Because of its practical importance the oxidation of iron has been 

studied extensively. It was found that iron followed different rate laws 

at different temperatures. Below 250C the growth of iron oxide followed 

a logarithemic rate expression. Above 250C the rate law was parabolic for 

34 
formation of iron oxide. Iron forms multilayered scales at high temper¬ 

atures. Above 570C the oxide on iron consists of FeO, Fe^O^, and Fe^Oy 

Below 570C FeO is not formed. Where FeO is formed it makes up 90? or more 

35 
of the film. There are several theories for the growth of oxide films, 

one of those considers the movement of metal ions due to an electric field. 

Another is an electrochemical oxidation process. However, the most 

37 
widely accepted is the Wagner mechanism. 

The Wagner oxidation theory applies to compact oxides. The theory 
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assumes that the rate determining process for the overall growth of the 

film is either the diffusion of ions or electron transport. During the 

growth the electrons and ions move Independently due to different mobil¬ 

ities. The mobility is high enough such that the reaction occurs rapidly 

at the phase boundaries. At the phase boundaries there is a thermodynamic 

equilibrium established between the metal and metal oxide and between the 

metal oxide and oxygen. The driving force for the growth of the scale 

being the change in free energy from the reaction; 

xM + yO M 0 (7) 

According to the Wagner theory, during the growth of the film, dif¬ 

fusion processes are important. In an oxide film where metal ion vacancies 

are present, the metal ions move from the metal to the oxide to oxide-oxygen 

interface. The metal ion vacancies move in the opposite direction. At 

the same time oxygen vacancies are formed at the metal-metal oxide in¬ 

terface. These oxygen vacancies move toward the oxide-oxygen interface. 

Electrons can be considered to move in the same direction as the metal 

cation, while holes move in the same direction as metal ion vacancies. 

The metal ion, oxygen ions and electrons all have different effective 

masses and therefore different mobilities. These different mobilities 

cause a space charge region to be formed in the oxide. The result is an 

electric field which opposes further charge separation. The rate of 

growth of the oxide is given by the regular parabolic rate law. In the 

case of iron where several forms of oxide grow, the relative amounts of 

each layer are related by; 



where end x^ are the thickness of layers 1 and 2, and kj and k^ are 

the parabolic rate constants for the respective layers. 

Although Wagner's theory works well for the oxidation of copper and 

39 of cobalt, it has limitations when applied to other metals. The theory 

gives a qualitative description of the growth of oxide on iron, but it 

can not be quantitative. For instance the theory assumes that a compact 

single layer is formed. But on iron three layers are formed at high 

temperatures and all three layers have different plasticities. However, 

if Wagner's theory is applied to the growth of the different oxide layers 

individually, quantitative results for the kinetics can be obtained. 

One of the more important influences on oxide structure is the pre¬ 

treatment of the metal before heating, it has been shown that there is a 

marked increase in the oxidation rate of abraded iron over that of annealed 

40 iron. Also the amount of cold working has an effect on the growth rate. 

A surface which has been abraded with diamond polish has a higher oxidation 

rate than a surface which is annealed, but lower than a surface which has 

been roughened with 600grit silicon carbide. The increase in rate of growth 

is due to the formation of sinks for cation vacancies. The cation vacancies 

are consumed at a rapid rate thus causing rapid oxide formation. The sinks 

also serve as a guard against the formation of pores, because pores start 
1+ ] 1+2 

with the coagulation of cation vacancies in the oxide. * 

Besides pretreatment the influences of temperature and oxygen on iron 

oxide growth pressure have also been studied. When iron is heated in 

oxygen the first layers to form are wustite and magnetite. The hematite 

grows from the magnetite after an induction period. During this period 

the oxygen absorbed on the magnetite must increase In order to exceed 

11 



the critical activity necessary for hematite formation. The oxygen pres¬ 

sure can cause the time of formation to be as long as three hours at 0.3 

torr oxygen or as short as 1 minute at a pressure of 760 torr. The Ini¬ 

tial type of formation of hematite is dependent on the temperature. At 

800C hematite grows as whiskers until it covers the entire surface of the 

magnetite. At 860C and above the surface is covered by grains of hematite, 
3 

instead of by the formation of whiskers. ’ The growth of oxide at a 

particular temperature is influenced somewhat by the level of impurities 

in the iron sample. Zone refined iron and United States Steel iron 

oxidize rapidly due to scale adherence to metal while heating. Ferrovac 

iron oxidizes slower since the relatively larger amount of oxygen decreases 

the adherence of the film. At high temperatures the impurities effect the 

growth of annealed zone refined, Ferrovac of USS iron by changing the degree 

of contact between magnetite and base metal. For cold worked samples of 

46 these types of iron, the impurities increase the amount of cold working. 
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Ill, Experimental 

All experiments were carried out in either a buffered solution with 

supporting electrolyte or a buffered redox solution with supporting elec¬ 

trolyte. 

The redox system used was the potassium ferrocyanide — ferrocyanide 

couple. The buffer was boric acid —- sodium borate with sodium nitrate 

as the supporting electrolyte. The redox couple and sodium nitrate were 

reagent grade quality and the buffer components were of certified A.C.S. 

quality. All solutions were made with triply distilled water. Concentra¬ 

tions used were 25 millimolar for the ferri-ferrocyanide redox system in 

a 1 ; 1 ratio; 0,15M sodium borate and 0.15M boric acid, and 1M NaNO^. 

The pH of the buffered solution without the redox couple was 8.3 and 

with the couple was 8.3* 

Three types of iron, zone refined, Armco, and 99.95% were used in 

this work. Each was cut to have an area of approximately one square cen¬ 

timeter per face. The electrodes were wafer shaped with one side and the 

edges covered during the experiments. 

After the electrodes were cut, rough spots were filed down before 

sanding. The polishing technique used 180, 360, 600 grit sand papers, 

VO emery paper, and final polishing with Buehler B 0.05pm polishing alum- 
<* 

TM 
inaand Fisher polishing cloth. Between polishing and oxide growth, the 

electrodes were rinsed with methanol then distilled water and wiped dry to 

remove any oil or dirt on the surface. The iron samples were placed in 

the flame of a Fisher burner for various lengths of time depending on the 

oxide to be studied. The samples heated for 15 minutes were dull red 

during heating and dull grey when cooled. The samples heated for approx- 

-13- 



imately one minute had a bluish appearance after cooling. On some samples 

the oxide at the top was removed and then electrical connection was made. 

On other electrodes the electrical contact was made with silver solder on 

a nickel wire before the heating. A coating of Dow-Corning silicon ad¬ 

hesive was applied to the sides of the iron sample. The connecting wire 

was slipped into a glass rod and both ends were sealed with adhesive to 

prevent the solution from coming into contact with the wire. 

All glassware was washed in ethanolîc KOH at least 2 hours and then 

washed in a roughly equal volume mixture of concentrated nitric and sulfuric 

acids, for twice as long a time. The glassware was rinsed several times 

with distilled water and then with the solution to be placed in it before 

actually being used. A buffered solution without redox couple was first 

put into the cell and purged oxygen overnight by passing either high purity 

or prepurified nitrogen gas. The nitrogen gas was passed through a column 

filled with light copper turnings kept at around 300C. 

When the solution had been deoxygenated the electrode was placed in 

the cell and the cell purged with an increased flow of nitrogen gas for 

thirty minutes before data were taken. A polarization curve was taken in 

the buffer and nitrate solution to determine the stability range of the 

film. Capacitance data were sometimes taken immediately afterwards, other¬ 

wise it was done in this solution after .photocurrent studies. A diagram 

of the cell is given by Figure 2. 

The buffer was then drained from the cell and buffered solution plus 

potassium ferri-ferrocyanide couple was introduced. This was deoxyginated 

overnight. Polarization curves were made on the electrode with a scanning 

47 
potentiostat built in this lab/ The photocurrent studies were made using 
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Figure 2 

Diagram of Cel 1 
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a 500W GE quartzline lamp with minimal focusing. All potentials in this 

work are referenced to the standard calomel electrode at room temperature. 

Differential capacitance measurements by means of the single pulse 

2,8 
method were performed on all electrodes. A single potential pulse of 

15ysec duration was applied to the oxide covered electrode and the re¬ 

sponse was recorded on an oscilloscope. Pictures were taken of the traces 

and data obtained from the photographs. The response was recorded as dV/dt. 

A diagram of the capacitance circuit is shown by Figure 3* 

At the end of the run, the electrode was removed and examined under 

a low power microscope to check for corrosion after each series of experi¬ 

ments. The data for all the oxides were obtained in the same manner. 

X-ray diffraction studies were performed on the 0.8 minute and 15 

minute zone refined iron oxides. The x-rays were emitted from copper which 

had been excited by electrons of energy 45kv. The line was used to ex¬ 

amine the oxides. 
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Figure 3 

Electronic Circuit Used in Differential 
Capacitance Measurements 
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IV, Results and Discussion 

Polarization curves were taken on zone refined oxide, 99.95% iron 

oxide, and Armco Iron oxide samples. The general shape of the polariza¬ 

tion curves was checked from day to day as a measure of the stability of 

the electrode, Both dark only and light chopped experiments were per¬ 

formed. l-V curves were taken both in buffered solutions without and with 

a redox couple. The redox couple used was potassium ferrocyanide-potas- 

sium ferricyanide- at a concentration of 25 millimolar. An example of 

a polarization curve for zone-refined iron in boric acid-sodium borate 

buffer is shown in Figure A, It has features similar to that for a pas¬ 

sive iron electrode in the same system. There is a region of increased 

current from -0.700V to -.200V to +0.900V the current starts to increase 

rapidly. Beyond +0.900V is the oxygen evolution region. When the zone 

refined Iron is placed in the redox solution the curve is different. 

Figure 5 displays the Tafel curve for zone refined iron in the redox sol¬ 

ution. The anodic side is lower than the cathodic which follows from 

n-type semiconductor behavior. It can be seen also that the current stays 

constant for the first week but decreases in the later runs. This is 

again reflected in the photocurrent polarization curves, Figure 6. 

For the zone refined iron the open circuit potential remained at 

+0.210V with a standard deviation of 0.004. The polarization curves have 

values different from that of the electrometer. This was most probably 

due to the potentiodynamic method not being sensitive enough to very small 

currents. Even though the currents near open circuit were somewhat dif¬ 

ferent, the values at both anodic and cathodic extremes were similar over 

the course of the experiments and the Tafel slopes for these regions re- 
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Figure 4 

Polarization Curve for Thick Oxide on Zone Refined Iron 
in Boric Acid — Sodium Borate Buffer at pH 8.3 
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Figure 5 

Tafel Plots of Thick Oxide on Zone Refined Iron in Redox Couple 
Experiments 1, 6, 10 
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Figure 6 

Photopolarization Curves of Thick Oxide on 
Zone Refined Iron on Redox Couple 

Photoexperîments 1, 6 
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jngîn reasonably constant, After one particular polarization run the 

electrode required ten to fifteen minutes to reach the original open 

circuit potential, 

In addition to measuring open circuit potentials with the electro¬ 

meter, photopotentials were also recorded. As with all the photostudies 

small variations in values could be expected due to minimal focusing of 

the incident light. The photopotential recorded with the electrometer 

was close to that obtained during the polarization run. The photostudy 

experiments also showed spikes at the onset of the light while chopping 

the incident light. The spikes disappeared on the cathodic side of the 

polarization curve. There was the additional affect of small photocurrents 

produced even on the cathodic side. Both the spikes and the small cathodic 

photocurrents were present throughout the time period of the experiments 

and showed no obvious decrease. The photopotentials for the 15 minute 

oxide are shown in Table l. 
50 

These spikes have been observed by other workers. * The transient 

currents represent a change in concentration of electron-hole pairs due to 

the onset of light. The transient excess in holes at the surface causes a 

transient oxidation current at the electrode. The relaxation time for this 

current is a function of the rate constant for this process and the equi¬ 

librium concentrations of electrons and holes. 

The photoeffects on the cathodic side have two causes. For the thick 

oxides the cathodic current increases with light. This effect is due to 

p-type impurities. The magnitude of the cathodic photocurrent is approx¬ 

imately equal for the zone refined and MRC thick iron oxides. For the 

thick Armco iron oxide the photocurrent was greater than the other two. 

This is explained by the greater amount of copper, a p-type impurity, in 



the Armco iron. The cathodic photoeffects for the thin oxides show a 

decrease in cathodic current with light. Since p-type impurities should 

show an increase, the photoinduced decrease in current is caused by the 

presence of the oxidizable species Fe(CN)g \ The effect of the light is 

to alter the equilibrium between the two species. This alteration is 

counter to that produced from polarizing the electrode in the cathodic 

direction. 

For the polarization data on the 0.8 minute zone refined iron oxide 

there were both similarities and differences with the data for the 15 minute 

oxide. The Tafel curve for the dark polarization curve is shown in 

Figure 7- The photostudy Tafel plot Is shown in Figure 8. The data 

show that the anodic current increased with decreasing thickness, however, 

a photoeffect is still observed. 

The second type of iron studied was 99-95% obtained from Materials 

Research Corporation. It is refererred to as MRC iron hereafter. The Tafel 

curve is shown in Figure 9> and the photoeffect Tafel curve is shown 

in Figure 10. A comparison of the data for the thick zone refined and MRC 

iron oxides shows basic agreement between them. The Tafel curve for the 

non-î11uminated and the illuminated experiments on thin MRC iron oxide is 

shown in Figures 11 and 12, respectively. The currents also increased on 

the MRC oxide with decreasing thickness. 

The last type of iron studied was Armco iron. The Tafel plot- for 

the non-i11uminated runs is shown in Figure 13. The photoeffect Tafel 

curve is shown in Figure 1*K The decline in n-type semiconductor be¬ 

havior is quite marked. In addition to the thick Armco iron oxide, data 

were also taken on the thin oxide. The Tafel curve is shown in Figure 
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Figure 7 

Tafel Plot of Thin Oxide on Zone Refined Iron in Redox Couple 
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Figure 8 

Photopolarization Curve of Thin Oxide on 
Zone Refined Iron in Redox Couple 
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Figure 9 

Tafel Plot of Thick Oxide on 99*95% Iron in Redox Couple 
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Figure 10 

Photopolarization Curve of Thick Oxide 
99.95% Iron in Redox Couple 
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Figure 11 

Tafel Plot of Thin Oxide on 33.35% Iron in Redox Couple 
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Figure 12 

Photopolarization Curve of Thin Oxide on 
99.95% Iron in Redox Couple 
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Figure 13 

Tafel Plot of Thick Oxidel on Armco Iron in Redox Couple 
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Figure 14 

Photopolarization Curve of Thick Oxide on 
Armco Iron in Redox Couple 
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1$, and the photostudy curve in Figure 16, 

|n addition to polarization curves differential capacitance was 

taken on the oxides. The Mott-Schottky plot for the 15 minute zone re¬ 

fined is shown in Figure 17. The linear region is seen to stretch from 

-0.200V to +0.200V. Outside of this range the capacitance was influenced 

by changes in Helmhotz capacitance, Faradiac processes, and other factors. 

The data in Figure 17 are corrected for Helmhotz capacitance, according 

to equations: 

i =1 + 1 (7) 
C C C. m sc h 

where is the measured capacitance, Cgc is the capacitance of the semi- 

2 
conductor and Cn is the Helmhotz capacitance. A value of 20vF per cm was 

used for the Helmhotz capacitance. The roughness of the surface is also 

considered. The area of the electrode is multiplied by a roughness factor 

of 2. Using equation 2 and the values in the linear region in Figure 17, 

the carrier concentration can be calculated. 

slope = 2  
e e

0 
e0 cd 

L L 
slope = 2.64 x 10 m 

2 
F V 

cd = 2  

(1.602xl0~19) (8.8544x1 o”12) (100) (2.64xl0i‘) 

23 3 
cd = 5-35 x 10 carriers per m or 

17 3 
cd = 5-35 x 10 carriers per cm 

The flat band potential is shown to be -0.21V. 

The Mott-Schottky plot for the thin zone refined oxide is shown in Figure 

18. The flat band potential is -O.38OV. The linear region is entirely in 
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Figure 15 

Tafel Plot for Thîn Oxide on Armco Iron in Redox Couple 
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Figure 16 

Photopolarization Curve of Thin Oxide on 

Armco Iron in Redox Couple 
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Figure 17 

Mott-Schottky Plot for the Thick Oxide 
on Zone Refined Iron 
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Figure 18 

Mott-Schottky Plot for the Thin Oxide 

on Zone Refined Iron 
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the negative potential area. The carrier concentration is calculated to 

17 3 be 6.20 x 10 carriers per cm . 

Figure 19 shows the Mott-Schottky graph of the 15 minute 33.35% 

16 
oxide. The flat band is -0,36V, The carrier concentration is 3-63 x 10 

carriers per cm . For the thick 99.95% oxide the linear region is entirely 

at negative potentials. The differential capacitance data from the thin 

99*95% are not adequate to determine the flat band potential or donor con¬ 

centration. 

The differential capacitance data from the thick Armco iron are also 

inconclusive. However, the thin Armco iron oxide gave decent data. The 

differential capacitance data are shown in Figure 20# The flat band po- 

18 
tential is -0,33V. The carrier concentration is 1.11 x 10 carriers 

per cro^. 

From the polarization curves and the capacitance measurements a few 

conclusions could be drawn. The zone refined oxide polarization studies 

showed that thickness of the oxide also influences semiconductor behavior. 

This was in contrast to data from the capacitance measurements which stated 

that the donor concentrations for the two oxides were equal. The thicker 

oxide behaves more like a n-type semiconductor. The 0.8 minute zone re¬ 

fined oxide has a correspondingly thinner a-Fe^O^ layer. If this layer is 

thin enough tunneling from the Fe^O^ across the ^©2^3 can occur. One 

explanation is the formation of clusters of whiskers on the oxide during 

51 its growth. Though these clusters become uniform with time, initially 

they are separated. The sites where the whisker growths are less dense 

would be places for the electron tunneling. The thinness of the a-Fe^O^ 

was supported by information from x-ray diffraction on the thick zone re¬ 

fined iron. The diffraction pattern indicated very little a-Fe20,, but 
"37" 



Figure 19 

Mott-Schottky Plot for the Thick Oxide 

on 33.35% Iron 



9 

8 

7 

6 

5 

4 

3 

2 

1 

O 

O 

O 

POTENTIAL 

o 0.1 



Figure 20 

Mott-Schottky Plot for the Thin Oxide 
on Armco Iron 
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showed .mostly Fe^O^t Further Indications that the surface was not 

uniformly covered with hematite came from polarization data in buffered 

solutions without a redox couple. The curve was similar to that for 

active iron. There was an area of increased current on the negative side 

which corresponded to the same phenomenon on the active iron. This 

"hump" was the formation of various iron species. If the zone refined 

oxide had been an ideal n~type semiconductor, this hump would not have 

appeared. 

A comparison of the .MRC. : oxides with the corresponding zone refined 

oxide indicated that the number of impurities had not increased sufficiently 

to greatly influence the growth kinetics or photoresponse on the MRC iron 

oxide. The MRC oxide also showed a dependence on thickness for the polar¬ 

ization curves. The increase in photocurrent with increased thickness 

indicated that a more complete layer of a-Fe20^ was formed. However the 

ratio of cathodic to anodic currents remained the same for both thicknesses. 

If the charge transfer kinetics had been dominated by the Fe2®3 layer then 

the ratio should have increased for the thick oxide. The fact that this 

ratio remained the same would indicate that other processes such as trans¬ 

fer from surface states or reorganization of the oxide were contributing 

to the kinetics of charge transfer. 

The impurities which have been investigated to determine their 

effect on a-Fe^O^ are shown in Table 2. Also shown are partial analy¬ 

ses for the three types of iron used. The data for Armco iron are only 

approximate. The impurities which act as acceptors are copper, magne¬ 

sium, and nickel. The impurities which act as donors are tin and ti¬ 

tanium, while niobium and tantalum act as double donors. Chromium and 



manganese act as electron traps, It Is the Interplay of these Impurities 

which determines the conductivity of the oxide. The acceptors compensate 

for some of the donors, The data for zone refined iron show that the 

acceptor impurities are in greater concentration than the donor impurities, 

yet the oxide still displays n-type behavior. 

+2 
This can be explained if the concentration of Fe donors is much 

higher than the concentration of impurity acceptors. The data in Table 

2 are for the iron samples, not the iron oxides. They can only give an 

upper limit to the impurities in the oxide. Impurities usually have 

52 
lower mobilities than iron during formation of iron oxides. The pre¬ 

sence of a dark anodic current for the zone refined iron oxide shows that 

these acceptors have some influence on the charge transfer kinetics. 

Since these impurities lie at energies lower than the conduction band, 

they are close to energy levels for the redox couple. In this case charge 

transfer could occur from the ferrocyanide ion to the acceptor levels. 

A comparison of the Impurities for zone refined and MRC irons shows 

that the MRC iron has a much higher concentration of donors than does the 

zone refined and also higher than its own acceptors. The decrease in 

+2 Fe donors from non-stochiometry is compensated for by the increase in 

donor impurities. 

Finally the data in Table 2 show that the acceptor concentration 

for Armco iron is much greater than that for either of the other oxides. 

In addition there are no donors available to offset the acceptors. The 

marked increase in anodic dark current is explained by the greater con- 

+2 
centration of acceptors and the greater decrease in Fe donors due to 

the lower purity of Armco iron. 



There is also the effect of impurities on the growth and adherence 

53 54 of the oxide, ’ The zone refined and MRC irons had adherent thin and 

thick oxides. The Armco iron had an adherent thin but not thick oxide. 

The thick Armco iron oxide had to be carefully cooled to prevent spalling 

of the outer layer. This did not have to be done for the zone refined 

and MRC thick iron oxides. When the thin outer oxide on the Armco iron 

was peeled off a dull black inner oxide remained on the metal. This 

peeling was due to the collection of copper at the grain boundaries, FeO, 

Fe^O^ and a-Fe^O^ all have different crystal structures. FeO has a rock 

salt structure, Fe^O^ has an inverse spinel structure, and a-Fe20j has 

55 the corundum structure. During the heating the copper impurities move 

throughout the growing oxide. When the oxide begins to cool, the dif¬ 

ferent phases start to have a more rigid structure. The copper oxide 

in the iron oxide migrates during the cooling process to the grain bound¬ 

aries to relieve stress in the iron oxide crystals. Once the copper oxide 

is in the boundary layers, the contact between the iron oxide phases is 

not as strong and the iron oxide as a whole has less mechanical strength. 

The thin Armco iron oxide does not show spalling. This is due to 

the mobility of copper in the oxide. If the growth time is short enough, 

copper may not be present in sufficient quantities to affect the oxide 

56 adherence. 



Summary 

Dark and chopped light polarization curves were done on zone re¬ 

fined, MRC, and Armco iron oxides. Two thicknesses were studied for each 

oxide to determine the effect of film growth on the semiconductor pro¬ 

perties. The order of increasing photoeffect was Armco iron, MRC, and 

zone refined iron. The photoeffect data for zone refined, and MRC showed 

that relatively small levels of impurities did not influence the semi¬ 

conductor performance of the iron oxide. The Mott-Schottky plots showed 

that Armco had the highest concentration of carriers, as expected for its 

amount of impurities, with zone refined having the second highest con¬ 

centration. The MRC had the lowest concentration. 

The stability of the thick films were in order of increasing stabil¬ 

ity: Armco Iron, MRC, and finally zone refined irons. For the thin oxides 

the films in increasing stability were MRC with Armco and zone refined 

being approximately equal. The zone refined oxides and the thin Armco 

oxide showed promise as being stable photoelectrodes. 

More work should be done on characterizing the surface and determin¬ 

ing the influence of the interior of the oxide on the surface reactions. 

The surface could be studied using ESCA or LEED, while the Interior could 

be studied by auger spectroscopy or SIMS. 
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Table 1 

Photoexperîment 
1 

ZONE REFINED IRON 
15 min. Oxide 

Photo pot. 
V 
oc 

V -V 
ph oc 

-0.140 +0.209 -0.349 
-0.170 +0.214 -0.384 
-0.124 +0.214 -O.338 
-0.183 +0.150 -0.333 
-0.178 +0.211 -0.389 
-0.168 +0.202 -0.370 

ZONE REFINED IRON 
0.8 min. Oxide 

-0.126 +0.026 -O.I52 
-0.135 -0.037 -0.098 
-0.128 +0.038 -0.166 

-0.143 +0.188 -O.33I 

99.95% IRON 
15 min. Oxide 

-0.144 +0.165 -0.309 
-0.157 +0.137 -0.294 
-0.165 +0.120 -0.285 
-0.169 +0.084 -0.253 
-0.175 +0.096 -O.27I 
-0.173 +0.091 -0.264 
-0.166 +0.110 -0.276 

99-95% IRON 
1.5 min. Oxide 

-0.125 +0.095 -0.220 
-0.135 +0.085 -0.220 
-0.136 +0.070 -0.206 

ARMCO IRON 
15 min. Oxide 

-0,077 -0.114 +0.037 
-0.05Q -0.0835 +0.0335 

-0.116 
-0,106 
-0.0983 



C
M

 

ARHCO IRON 
.8 mîn, Oxide 

-0.056 +0.212 -0.268 
-0.066 +0.214 -0.280 
-Q.065 +0.210 -0.275 
-0,049 +0.214 -0.263 



Table 2 

Z.R. MRC ARMC0 
Acceptor 
Cu 10 ppm <10 ppm 400 ppm 

Mg 0.1000 <10 -- 

Ni N<1.000 <10.0 

Donor 
Sn 0.050 <30.0 
Ti 0.100 <10.0 -- 

Zr N<1.000 <30.0 

Double 
Donor 
Nb 
Ta N<0.300 

Electron 
Trap 
Cr 1.000 190.0 
Mn 3.000 100 

No 
Effect 
V N<0.050 

- 

(N indicates not detected) 
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