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ABSTRACT 

SEMICONDUCTING PROPERTIES OF THE 

PASSIVE FILMS ON COPPER 

by 

Yoshiaki Tanizawa 

The semiconducting properties of the passive films on copper 

have been investigated through capacitance, photoresponse and kinetic 

measurements. Mott-Schottky plots show that the passive films on cop¬ 

per are p-type semiconductors. The metal deficits form the electron 

acceptors, which give rise to p-type conductivity. The passive films 

show photovoltages under illumination. The band gaps of the anodic 

films and thermal oxides are similar to that of CuO (1.7 e V). The 

band gap of the film formed in CuSOi+ is close to that of Q12O (2.2 e V). 

The electron transfer between the passive electrodes and the redox 

couple shows diffusion controlled kinetics. The large exchange cur¬ 

rent is explained in terms of the formation of an accumulation layer 

in the valence band. 
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CHAPTER I 

INTRODUCTION 

Since the free energy change of the oxidation reactions of all 

metals except possibly gold are negative, the metallic state for these 

metals are thermodynamically unstable. Some metals or alloys become 

relatively inactive, or passive, under certain conditions. 

The phenomenon of passivity in metals was first described by 

M. V. Lomonosov in 1738, He examined the behavior of Fe in HNO3, 

J. Keir, in 1790, investigated and described the phenomenon of passi¬ 

vity of Fe in HNO3. The word passivity was first used by Schobein 

and Faraday in 1836. Hisinger and Berzelius were the first to point 

out that passivity could also be brought about by anodic polarization. 

Definitions of passivity have been given by several people. 

Wagner proposed the following definition of passivity (1). 

MA metal or alloy is called passive when the amount of 
at least one of the metallic compounds consumed by a 
chemical or electrochemical reaction in a given time is 
significantly lower at a higher affinity than at a lower 
affinity.” 

The electrochemical example of this definition is the occur¬ 

rence of a negative differential resistance which is a very signifi¬ 

cant characteristic of passivity, 

The chemical example can be exhibited by a metal in a solution 

where the anodic and cathodic currents (i.e., the current of metal 
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dissolution and the current of reduction of the oxidized form of a 

redox system) become equal at a potential sufficiently higher than 

that of reversible metal dissolution. In this case, the open cir¬ 

cuit potential will be in the passive region. 

Many papers have been published relating to various aspects of 

the passivity phenomenon. Many theories have been developed to ex¬ 

plain the nature of passivity, but none of them give a complete and 

satisfying explanation of the process. 

There are two main theories; oxide film theory and adsorption 

theory. The oxide film theory explains the passive state as due to 

the presence of a very thin, often invisible protective film of pro¬ 

ducts formed by reaction between the environment and the metal. The 

oxide films have been isolated and examined by several investigators 

C2). The adsorption theory explains the passive state as the 

result of .adsorption of: oxygen. When the amount of oxygen on the 

surface of 18-8 stainless steel was measured (3), it was found that 

the small value of 0.3 pg/cm2 could not be oxide and that oxide 

films previously isolated were produced secondarily. It has been 

pointed out that these two theories do not contradict but rather 

supplement one another. A model is proposed that the adsorption of 

an oxygen containing species are prerequisite to the formation of a 

three dimensional oxide (4), It has been suggested that copper 

should provide onë of the typical cases. 
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The Pourbaix diagram (5) represents the theoretical conditions 

of corrosion, immunity and passivation of Cu at 25°C (Fig. 1). The 

diagram shows that copper is a relatively noble metal as compared 

with other common metals such as iron or nickel. Since the electrode 

potential of Cu in an aqueous solution is usually noble to the 

reversible hydrogen electrode except in a very strong acid solution, 

the reduction of H+ ions is not possible as a cathodic reaction. 

Therefore, copper is thermodynamically stable in the absence of oxy¬ 

gen or an oxidizing acid. It is corroded by acid or strongly alka¬ 

line solutions containing oxidizing agents. Neutral or slightly 

alkaline solutions should passivate the metal. In a number of en¬ 

vironments, copper is covered by a protective film which appreciably 

retards its rate of corrosion. 

Two oxides, CU2O and CuQ, are formed on immersing Cu in water 

containing oxygen (6-8), CU2O is formed first. It thickens until 

0 
the thickness reaches 65 to 95 A. CuO is formed as a second compo¬ 

nent. It is the more soluble of the two and may dissolve rather than 

form a film, depending on the pH. 

An oxide film can be formed on Cu in aqueous cupric solutions 

such as CuSOi*, Cu(0Ac)2 as predicted from the Pourbaix diagram. The 

only surface product formed is CU2O (9,10), Cu is reduced and metal 

is oxidized with formation of Cu20, 

Copper can be passivated by anodic polarization in strongly 

acidic solutions, such as H2SO4 (11). Lowering the temperature and 
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Figure 1 

Potential versus pH Diagram for Copper 
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increasing the acid concentration promote the establishment of 

passivity. 

The electrochemical formation of passive films can also be 

achieved in alkaline solutions (12-14). Two principle oxidation 

steps were observed; (a) formation of CU2O, (b) formation of CuO. 

A Cu(HI) oxide has also been postulated, but the stability of the 

phases are unknown. 

Copper can be oxidized in an oxygen atmosphere (15-18). In 

general, CU2O and CuO (400-1300 Â thick) can be formed in the tem¬ 

perature range 120 to 350°C, but the existence of CuO0167 
as a 

defect structure of Cu20 also has been postulated. The electrical 

conductivity of Cu20 formed at high temperatures increase with tem¬ 

perature. There is some disagreement as to the mechanism of conduc¬ 

tion, According to the Hall effect (19, 20), the carrier concentra¬ 

tion increases and mobility decreases with a temperature increase. 

On the other hand, thermoelectric data (21) shows that the carrier 

concentration is nearly constant and mobility increases with tempera¬ 

ture, suggesting thermally activated hopping with electron exchange 

between Cu and Cu ions. 

It has been known that oxides of copper show semiconducting 

properties. Cuprite (Cu20) is a p-type semiconductor due to non¬ 

stoichiometry as a result of cation deficits (22-26). The cuprite 

band structure consists of a conduction band formed from the Cu 4s 

and 0 3s atomic orbitals. The valence band is derived from Cu 3d 

orbitals, and is separated from the conduction band by a 2,1 eV 



forbidden gap, The effect of light on the electrochemical behavior 

of a copper electrode has been examined (27-31), but the phenomena 

are not well understood. 
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The present work was concerned primarily with examining the 

semiconducting properties of the passive films on copper. Photoelec¬ 

trochemical techniques were used to elucidate the band structure. 

Capacitance measurements were used to get information about the poten¬ 

tial distribution at the interface. The kinetics of a redox couple 

was also measured which provided information about the band bending 

and the type of semiconducting properties, 



CHAPTER II 

EXPERIMENTAL 

Materiels and Electrochemical Cell 

All solutions were made using triply distilled water and re¬ 

agent grade chemicals. The electrochemical cell consisted of two 

compartments with an inlet for bubbling N2 gas through the electro¬ 

lyte (Fig. 2), The N2 gas was deoxygenated by passing it through a 

heated column of copper turnings. The counter electrode was platinum 

gauze, A Luggin capillary provided an electrolytic contact between 

the reference and working electrodes. All electrode potentials were 

measured with respect to a saturated calomel electrode (SCE). 

The working electrodes were prepared from 99.91 copper and 

polished using 0,05 p aluminum oxide. The geometric surface area of 

the electrode mounted on a holder was approximately 1 cm2. The elec¬ 

trode edges were covered with silicone sealant to eliminate effects 

of edge discontinuities. Aqueous solutions were 0,1M NaOH unless 

otherwise noted. For the measurement of the hexacyanoferrate redox 

reaction, a 0,1M NaOH solution containing 0.025N ferrous and 0.025N 

ferric-cyanides was used, In certain experiments, 0,05M CuSOit in N2 

atmosphere was used to passivate the copper, 

Expérimental Procedure 

The current-potential curves were measured using a potentiostat 
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Figure 2 

Electrochemical Cell 
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(Amel Model 551) coupled to a function generator CAjnel Model 566) 

and X-Y recorder (Hewlett Packard Model 7044), 

The differential capacitance was measured using an A,C, bridge 

(General Radio Model 16Q3-A) with a variable capacitor (Fig, 3). The 

input signal to the bridge was A,Ct, 1000 Hz, 5 mV. 

In photoresponse measurements, the working electrode was posi¬ 

tioned approximately 1 cm from a quartz window through which radia¬ 

tion was focussed on a 1 cm diameter spot on the electrode surface 

(Fig, 4), The light source was a 150 W Xenon lamp (Fig, 5). The 

monochrometer was placed between the light source and cell. The 

spectral characteristics of the quartz window, monochrometer grating 

and filter used to eliminate second order diffraction are shown in 

Fig, 5, 

Measurements were carried out using a lock-in amplifier 

(Princeton Applied Research Model 5204) coupled to a light chopper. 

The rotation frequency of the chopper was 34 Hz. The photoresponse 

spectrum was recorded by changing the wavelength continuously. In 

some experiments, the photocurrent was large enough to measure with¬ 

out the lock-in amplifier. 

For spectra normalization, the output of the monochrometer 

at 600 nm (7,0 x 10'4 Einstein/min.) was arbitrarily chosen as the 

standard photon flux. The light intensity was measured by a diode 

detector (fig. 6) and potassium ferrioxhlate actinometer, The result 

is shown in Fig, 7, 
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Figuré _3 

Electrode Capacitance Measurement Circuit 
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Attenuator 

Detector 
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Figure 4 

Photocurrent Detection System 





16 

Figure 

Spectral Characteristics of the 

Illumination System 

A. 150W Xenon Lamp 

B. Transmission of the Quartz 

Window 

C, Efficiency of the Monochrometer 

Grating 

D, Transmission of the Filter 
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Figure 6 

Radient Power Sensitivity of the 

Detector (7056) 
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CHAPTER III 

CYCLIC VOLTAMMETRY AND PA3SIVE FILM FORMATION 

Theory 

The current-voltage curves are obtained by the potential 

sweep method, The relation between the charge passed and electrode 

protential gives information about the electrochemical processes on 

the electrode surface. 

The total current at any potential is the sum of two terms, 

the paradaic and non-Faradaic current. 

where Q is the charge and C is the double-layer capacitance. If 

the charging current can be neglected, the total charge passed is 

attributed to Faradaic processes occuring in the formation or removal 

of surface layers. 

Thus, the change in the charge, AQ, between potential Ui 

and U2 is given as 

where dU/dt is the sweep rate. 

Since the number of coulombs is a measure of the quantity of 

the reactant, the thickness of the film can be calculated by the 

i - dQ/dt + CCdU/dt) [1] 

[2] 
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equation 

d ~ MQ/zFpr [3] 

where 

M “ molecular weight 

Q s charge given per unit area 

zF « charge required to form one mole of the film substance 

p » density of the film substance 

r - roughness factor 

This method is very sensitive (32), but the accuracy is often 

restricted for lack of data regarding the composition, density, rough 

ness factor and homogeneity of the film. 

The rate of film growth can be expressed by the equation (33) 

i = A exp(~Q/B) [4] 

where A and B are constants related to the position and slope of 

the log i-Q curve, respectively. 

Results arid Discussion 

(1) Cyclic Voltammogram 

Cyclic voltammetry studies were carried out in 0.01M, 0.1M 

and 1,QM NaOH solution using sweep rates of 10, 20, 50, 100 and 200 

mV/sec, A cyclic voltammogram of Cu in 0,1M NaOH is shown in Fig, 8. 
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The scan speed was 100 mV/sec. Similar voltammograms were obtained 

in both 0,01M and 1,0M NaOH, Assuming that the double layer capaci¬ 

tance for metal electrodes is 20 to 40 )iF/cm2 (34), the non-Faradaic 

contribution (C»dU/dt) to the total current does not exceed 4x10"6 

A/cm2, This is several orders of magnitude less than the observed 

current, and can be neglected, The peak currents tended to increase 

with increasing sweep rate, The potentials where peaks occur on the 

anodic sweep became more anodic with increasing the sweep rate, 

whereas those peaks observed on the cathodic sweep shifted to more 

cathodic potentials. The shape of the voltammogram was not affected 

by stirring the solution using a magnetic stirrer (3 x 0.7 cm 

stirring bar, 200-300 r,p,m.). 

In agreement with previous studies 0-2-14), two main processes 

can be identified on anodic scan; CU2O formation (peak I) and CuO 

formation (peaks II and III), Although Cu (III) formation has been 

suggested to take place before or along with oxygen evolution, the 

processes are complicated in this region. The stability of Cu (III) 

oxide is not well known, so this species will not be considered in 

this paper. In the region from -1.0V to the start of peak (I), the 

current is used to charge the double layer. 

The shape of the voltammogram depends on how far the potential 

is driven, The results of Figf 9 indicate that the peak (VII) is 

related to the reduction of the surface compound which is formed at 

peak Cl) f and the peak (VI) is due to the reduction of the oxide 

formed at peaks (II, III), The potentials of peaks (VI, VII) shift 
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Figuré JS 

Cyclic Voltajnmogram for Copper in 

0,1M NaOH, (Sweep Rate of 100 mV/sec) 
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Figiiré 9 

Cyclic Voltaïuuogram with Increasing 

Sweep Range, (Sweep Rate of 100 niV/sec). 
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toward more cathodic potentials with increasing sweep range. The 

potential shift can be explained by the increasing difficulty of re¬ 

ducing a more totally passivated surface, 

The total charge, Q, under the peaks was obtained by inte¬ 

gration. The results are shown in Fig. 10. The charge passed at 

peaks (XI, III) are greater than that passed at peak (I). This sug¬ 

gests a complex mechanism involving parallel reactions in these poten¬ 

tial regions instead of simple consecutive steps (Cu CU2O and 

CU2O -*■ CuO), The ratio of the anodic charge to the cathodic charge 

was unity within experimental error for the voltammogram with anodic 

sweep range of peaks (I, IX), This indicates a reversible process. 

The charge passed under peak (I) is 1.2 x 10"3 C/cm2. Assuming that 

a uniform layer is formed, CU2O layer thickness is about 30 A. Sig¬ 

nificant irreversibility was observed for scans beyond peak (III). 

One explanation could be dissolution of the oxide. Another explana¬ 

tion may be that oxide films are not completely removed during the 

cathodic scan and reduction is obscured due to hydrogen evolution. 

Spectropho tome trie analyses for dissolved copper were carried 

out during cycling. The amount of dissolved copper per cycle was 

analyzed by continuously cycling the electrode in the range from 

«1,5 V to +0,55 Y, The results indicated that approximately 101 of 

the charge passed was used to form soluble copper species. This in¬ 

formation was used to calculate the thickness of anodically grown 

film later, 



30 

Figuré 10 

Influence of the Anodic Potential Limit 

on the Charge. 
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Consequently, the dissolved copper could not be the cause of 

the reversibility of cyclic voltammogram, 

This study, together with the results of other investigations, 

results in the following possible mechanism. 

(peak I) 2Cu + 20H" - 

(peak IX) Cu20 + 2QH" 

(peak III) Cu + 20H 

Cu + 20H 

Cu20 + H20 + 2e 

■ 2CuO + H20 + 2e 

CuO + H20 + 2e 

CU(0H)2 + 2e 

Cu20 + H20 + 20H~ —► 2CU(0H)2 + 2e 

(peak IV) Cu(OH) 2 + 20H" —► Cu(0H)4 + e 

CuO + H20 + 20H"-v Cu (OH) 4 + e 

Reverse of reactions occuring at peak IV, 

2CuO + H20 + 2e —> Cu20 + 20H~ 

2CU(0H)2 + 2e —>■ Cu20 + 20H- + H20 

(peak VII) Cu20 + H20 + 2e —»■ 2Cu + 20H~ 

(peak V) 

(peak VI) 

(2) Passive Film Formation 

Assuming that the entire current at a given potential is used 

in film formation, it is possible to determine passive film thickness 

by measuring the charge passed. An estimation of film thickness was 

made for the anodically grown film, The cathodic reduction method 

was used to measure the thickness of the thermal oxide and film grown 

in CUSO4 solution, 
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A constant potential (+Q.55V) was applied to a fresh copper 

electrode which had been cathodically polarized to reduce any oxide 

film, Respose current and charges passed were recorded at the same 

time, and are shown in Fig, 11. The decrease in current with time 

(Fig, 11A) is attributed to the formation of a passive film on copper. 

The current reached a stationary value where the thickness of the 

film reached a limiting value, assuming that the charge passed was 

used efficiently to form the passive film. 

The thickness of a thermal oxide (350°C, 15 min,, in air) and 

the film grown in CuS04 (0.05M) were estimated by measuring the 

charge required to reduce the films (Fig, 11 B,C). The thicknesses 

of these films were calculated by the eqution [3], Several assump¬ 

tions were made: (a) oxides formed were CuO for anodic and thermal 

films (15), and Cu20 for the film grown in CuS04 (10) ; (b) 90% of 

anodic charge passed was used efficiently to form oxide. The esti¬ 

mated values are 70 Â, 2000 Â, 3000 A for anodic film, the film in 

CuS04 and thermal oxide, respectively. 

Fig, 12, 13 shows the polarization curves for thermal oxide 

and passive film grown in CuS04, respectively, A fresh sample was 

polarized from the rest potential in each measurement. The thermal 

oxide showed no peaks beside the oxygen evolution peak on anodic 

polarization, indicating that oxide was mostly CuO, In the cathodic 

region, only one peak was observed, This may possibly be due to an 

overlap of the reaction peaks corresponding to Cu(II) Cu(I) and 

Cu(I) -> Cu(0), However, the amount of charge passed is small, 
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indicating the reduction process involves only1 a small fraction of 

the total film. The film grown in CuSOi* showed two peaks (Cu(II) 

formation) in the anodic region and a peak (Cu(T) Cu(0)) in the 

cathodic region, indicating that Cu20 was formed. 
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Figure 11 

Current and Charge versus Time Curves 

A, Anodic Polarization (+0.55V) 

B, Cathodic Polarization (Film Formed in CuSOi*) 

C, Cathodic Polarization (Thermal Oxide) 



36 

(saiAiomoD) o 901- 
oJ ro ^ ir> 

T
IM

E
 

(M
IN

U
T

E
S

) 



37 

Figure 12 

Potentiodynamic Polarization Curves 

for the Thermal Oxide 
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Figure 13 

Potentiodynamic Polarization Curves 

for Passive Film Grown in CuSO^ 0.05M) 
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CHAPTER IV 

SPACE CHARGE CAPACITANCE 

Theory 

When two materials having different Fermi levels are brought 

into contact, a redistribution of charges occurs at the interface 

until the electrochemical potential becomes equal in both materials. 

At the semiconductor-electrolyte interface a double layer is formed 

in the same way as at the metal-electrolyte interface (Fig. 14). In 

the metal/electrolyte interface, the double layer charge exists on 

the solution side while at the semiconductor/electrolyte interface 

there is a double layer of charge on both sides. Thus, the main 

difference is the much lower density of mobile charge carriers in 

semiconductor. The charges in a semiconductor are distributed with¬ 

in the space charge region. 

When a semiconductor is in contact with the electrolyte, a 

significant part of the applied potential operates across the space 

charge region, the rest being effective across the double layer on 

the electrolyte side, 

The relationship between the potential and charges follows 

Poisson’s equation (35-37), 

d2Kx) „ „ p(x) 

dx2 e £Q 
[6] 
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where ^(x) is the potential at point x, p(x) is the charge 

density, eQ is the dielectric constant of vacuum and e is the 

dielectric constant relative to the vacuum, A first integration of 

the Poisson’s equation results in 

rd£jVf 
dx ' x=*Q m' p(x)dx = [7] 

where Q is the total charge in the space charge layer, 
SO 

From this equation, one obtains a connection between the dif' 

ferential capacity and potential. 

C 
sc 

[8] 

The solution is complex. For a p-type semiconductor, if the hole 

density at the surface is lower than the bulk concentration but 

larger than the surface electron density (Fig. 14B), one obtains the 

Mott"Schottky equation (36"39). 

1 = 2 

C1 2 e e0 N.e 
sc » A 

where e is the electron charge, kT has the usual meaning. The 

potential drop Aip is related to the electrode potential U by 

Nl - ¥ [9] 

Aÿ " U - Ufb [10] 

where means the flat band potential at which the potential drop 

A<|> across the space charge is zero, A plot of C"2 against ÿ is 



Figuré 14 

The Metal/Semiconductor/Electrolyte Interface 

A, Schematic Structure 

B, Energy Level Diagram 

C, Potential Distribution 
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linear, and the slope of this curve is detërmined mainly by the accep¬ 

tor concentration N^. for a n-type semiconductor, is replaced 

by the donor concentration Np, 

In practice, the measured capacity Cm of the interface is com¬ 

posed of two capacities in series, namely the capacity of the space 

charges within semiconductor, and the capacity of the Helmholtz layer, 

on the solution side. 

JL . JL +_L 

Since Cgc is usually small compared to CH 

second term may be neglected (34,40,41). 

[11] 

( > 20 yF cm"2), the 

Results and Discussion 

From capacity measurements, information about the potential 

distribution at the passive film-electrolyte interface can be ob¬ 

tained. The capacity of the film is a function of its thickness 

based on flat plate capacitor theory, A potential pulse measuring 

technique was used to minimize changing of the film thickness. All 

capacitance values were corrected by equation [11] by assuming a 

constant Helmholtz capacitance of 30 yF cm"2, 

1/C2 vs, Potential (>{ott-Schottky plot) and C vs, 
sc sc 

Potential for anodic and thermal oxides are shown in Fig, 15, No 

correction was made for a roughness factor. Therefore, the capaci¬ 

tance data obtained are slightly higher than the actual values. 
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Figure 15 

Space Charge Capacitance as a Function 

of Potential 

o Thermal Oxide 

□ Anodic Film 
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At sufficiently negative potentials, the capacitance is in" 

dependent of the electrode potential and is a measure of film thick" 

ness d (39), 

2, 
C 
sc 

« [12] 

where e and e„ are the dielectric constants of the oxide and of 

vacuum, (e0 « 8,854 x 10"
12 F/m, e = 18,1), For the thermal oxide, 

the calculated value of d was 3000 Â and was in good agreement with 

the value obtained from reduction method. 

Below "0.4 V, accurate measurements were prevented by a Fara- 

daic process (reduction of oxide), The capacity becomes very small 

under high cathodic polarizatiion. In this range the energy levels 

are bent downward (depletion region), With anodic polarization, the 

hole concentration increases at the surface, consequently the capaci¬ 

tance becomes larger. The general tendency of 1/C2c at positive 

potentials to approach low values is consistent with the normal 

behavior of p-type semiconductor, indicating that the non-stoichio- 

metric defects act as electron acceptors. This is supported by the 

results for well crystallized copper oxides where the metal deficits 

form cation vacancies (42,43,61). 

The flat band potential is obtained by extrapolation of the 

linear part of Mott"Schottky plot to 1/C2 - 0, The concentration 

of acceptor (N.) is calculated from the slope of Mott"Schottky plot. 
A 
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slope = —— [13] 
e e0 NA e 

where e0 = 8.854 x 10"32 (p/m), e = 1,602 x HT19 (C). 

Assuming the film is CuO (e = 18,1), the values of 7.3xl020/ 

an3 and 2.2 x 1019/cm3 are obtained for anodic film and thermal 

film, respectively. 

The flat band potential is influenced by acceptor concentra¬ 

tion, Decreasing the acceptor concentration, the distance between 

valence band and the Fermi level in the bulk is increased. Since 

the energy bands are fixed at the surface, the band bending becomes 

smaller. Consequently, the flat band potential is shifted toward 

cathodic potentials. Similar results have been obtained for zinc 

oxide (44) and tin oxide (45) which are n-type semiconductors, and 

a decrease in the donor concentration shifts the flat band potential 

toward anodic potentials. 

Thus, the passive film formed on copper was characterized by 

its flat band potential and its acceptor concentration. The measure¬ 

ment of flat band potential, however, is sometimes disturbed by 

Faradaic processes, frequency effects, . and other components of 

capacitance such as Helmholtz and surface states. The photoresponse 

measurement is used to determine the flat band potential, and is 

compared with the value from capacitance measurement in the next 

chapter, 



CHAPTER V 

PHOTOEFFECTS 

Theory 

By the absorption of light by an electrode, electrons are 

excited and the statistical equilibrium of energy distribution is 

disturbed. The absorption produces electron transitions from the 

valance band to the condution band but some absorbed quanta may be 

used for the generation of excited energy states of the crystal, the 

so-called excitons. 

Large photoeffects are found in cases where the band bending 

causes a depletion of majority carriers in the space charge region 

(46-48). Saturation currents of minority carriers will increase by 

the generation of carriers. 

The theory of photoeffects in electrode reaction was first 

examined by Dewald (49). Gerischer has also developed the theory 

(50). 

For electrode reactions 

M+ 
« ,++ 

£ M + e 114] 

M+ 
|n|i 

+ p + M [15] 

we may write the rate equations for two cases. The hole and electron 

currents are given by 
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1n ~ Xn,0 

. n 

1 - 
_0 n 

i 
P 

1 

rie] 

[17] 

where n° and p° denote the surface concentrations of electrons 
s *s 

and holes, respectively, at equilibrium. iR Q and i^ Q are the 

corresponding exchange currents. 

The density of electrons at the surface, ng, is related to 

n^, the electron density in the bulk of the semiconductor, by the 

equation, 

n \ exp 

Aip, «F 
. s 

RT 

[18] 

A corresponding relationship for the holes would be 

Ps - Pb exp 

Aip »F > 
s 

RT - 

[19] 

where Aip (= ip - ipb) is the band bending. 

Therefore, the electron and hole currents are given by 

i n 
i 
n,o 

r \ ' 
r Ait *F i 

s 
exp 

RT - 
« 

[20] 

'Pb ' 
. ' Aipg«F ' 
exp 

^ P0 ^ 
rs 

RT J 

1 [21] 

When the semiconductor electrode is illuminated, the genera¬ 

tion of electric charge leads to the equal reduction of the negative 
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excess charge in the space-charge layer and of the positive excess 

charge in the electrolyte (Fig* 16A). Thus, the band bending is re¬ 

duced and a photovoltage is generated which acts as a driving force. 

The effect of illumination is to increase the electron energy in semi¬ 

conductor by the amount of the photovoltage. However, in actual 

experimental condition, the electrode potential is usually kept con¬ 

stant (Aip - constant) during illumination by using a potentiostat 

(Fig. 16B). The increase in current (i*,i*) should be proportional 
Ï1 p 

to the increase in carrier concentration in bulk (n*,p*). 

• 4* • 

1=1 . n n,0 

.* 
l = l 
p p»° 

i - 
"b i 

o ir 
exp 

Aip F 
s 

RT 

r- 

f-i 
v > 

Aij) F 
exp - 1 

RT 

[22] 

[23] 

Rësülts and Discussion 

Under illumination, the photocurrents were observed for the 

passive films on copper. The photoeffects were used to investigate 

semiconducting properties of passive films. All photoresponse mea¬ 

surements for copper electrodes passivated by different methods were 

done in 0.1M NaOH solution. 

Fig. 17 shows a potentiodynamic scan of a copper electrode 

passivated anodically at +0.55 V. A negative photocurrent was pro¬ 

duced at about 0.0 V which was close to the flat band potential from 

the capacitance measurements. The negative photocurrent is charac¬ 

teristic of p-type semiconductors. On switching the light, a small 
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Figure 16 

Separation of Electron-Hole Pairs under Illumination 

A. Generation of a Photovoltage 

B. Photocurrent under Constant Potential 



A 
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Figuré 17 

Photocurrent versus Potential for Anodic Film 



56 

-
0

.7
 
-

0
.6
 
-

0
.5
 
-

0
.4
 

-0
3
 
-

0
.2
 
-

0.
1 

0.
0 

0.
1 

'0
5

 

P
O

T
E

N
T

IA
L 

(V
O

L
T

S
 
v
s
 S

C
E

) 



57 

current spike appeared. This transient has been explained in terms 

of surface recombination of the photogenerated species (43). A re¬ 

duction peak was observed at about -0.5 V, indicating that CuO was 

partially reduced to Cu20. At higher cathodic potentials, the photo¬ 

current reached a saturation value. All electrons excited by light 

were pushed toward the surface and some of them recombined with holes 

via surface states. On the return scan the photocurrent was smaller 

than that of the forward scan, and a peak due to the formation of 

CuO was observed at about -0.1 V. 

The thermal oxide, and the passive film (>3000Â) grown at the 

rest potential in 0.1 M NaOH in an oxygen atmosphere showed essen¬ 

tially the same phenomena as was observed for anodically grown film 

(Fig. 18, 19). In these cases, the cathodic scans were started at 

the rest potentials. The photovoltages (AU *= U (light)- U (dark)) 

were approximately +50 mV at open circuit for both cases. 

Comparing the results indicated that the thickness of the 

passive films produced by the three methods does not significantly 

affect the magnitude of the photocurrent. Two possible explanations 

are that the light penetration depth is small compared to the film 

thickness or that there is a large recombination rate for photo¬ 

generated carriers outside of the space charge region. 

For the copper passivated in C11SO4 solution, a different be¬ 

havior was observed (Fig. 20), At open circuit, the photovoltage 

was about -80 mV, and positive photocurrent was observed. The photo¬ 

current decayed with scanning and was inverted at -0.45 V. The same 
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Figure 18 

Photocurrent versus Potential for Thermal Oxide 
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Figuré 19 

Photocurrent versus Potential for 

Passive Film Grown in NaOH (O2 Atmosphere) 
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Figuré 20 

Photocurrent versus Potential for 

Passive Film Grown in C11SO4 
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phenomenon was observed on scan reversal. When the electrode was 

polarized at a highly positive potential, the anodic film (CuO) 

was formed and the photocurrent disappeared. 

Q12O is supposed to be a p-type semiconductor caused by 

deficits of copper (22-26). However, unlike the other semiconductors, 

the film grown in CUSO4 exhibited the properties of both n- and p-type 

conductivity. It was not possible to determine the type of conduc¬ 

tivity from the present work. It has been reported that copper with 

a Cu20 film formed in copper acetate solution also showed a negative 

photovoltage at open circuit (51). These interesting properties might 

be related to a non-stoichiometry other than cation deficiency, but is 

not well understood. 

The photocurrent-wavelength curves were obtained using a lock- 

in amplifier with chopped light. The electrodes were polarized at a 

fixed potential (-0.35 V), and the wavelength was changed continuously. 

The results of copper passivated in CUSO4 (A) and in NaOH with 

O2 atmosphere (B) are shown in Fig. 21. The solid lines are measured 

curves. The photocurrent was positive for (Aj. The loss of photocur¬ 

rent below 500 nm is due to a filter used to eliminate second order 

diffraction from the monochrometer grating. The current was corrected 

for intensity variations by normalizing the spectral output to 7 x 10-4 

Einstein/min. (4.2 xlO20 photons/min.). The two curves show signifi¬ 

cant differences. Passive films grown in NaOH (02) revealed a peak 

at about 600 nm (Fig. 2IB). There was no such photocurrent peak for 

the films formed in C11SO4 (Fig. 21A). The energy gap width of the 
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Figuré 21 

Photocurrent versus Wavelength 

A. Passive Film Grown in CUSO4 

B. Passive Film Grown in NaOH (O2) 
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films can be estimated by extrapolating the steepest portion of the 

curves. 

Photoelectric phenomenon can be correlated with U.V. absorp¬ 

tion spectra. From U.V. studies (52-55), the band gaps for CU2O and 

CuO have been determined to be approximately 2.1 eV (590 nm) and 

1.7 eV (729 nm), respectively. The band gaps for the electrodes pas¬ 

sivated in CuS04 and in NaOH in O2 atmosphere are close to the values 

for CX12O and CuO, respectively. The photocurrent for photon energies 

less than the band gap can be explained by the existence of impurity 

levels though the mechanism is not well understood. 

Fig. 22 gives typical shapes of photocurrent vs. illumination 

wavelength curves for the anodically grown film and thermal oxide. 

The spectral responses were essentially identical in shape, and the 

coverage of wavelength is almost the same as for the electrode passi¬ 

vated in NaOH in 02 atmosphere shown in Fig. 21. For thermal oxide 

(Fig. 22B), the shoulder at about 600 nm is absent. The method of 

preparation may affect the shape of photocurrent vs. wavelength curve. 

Thus, these results indicate that the thermal oxide and anodically 

grown film (+0.55 V) are mostly CuO. 



Figuré 22 

Photocurrent versus Wavelength 

A. Anodic Film 

B. Thermal Oxide 
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CHAPTER VI 

KINETICS OF REDOX REACTION 

Theory 

A redox reaction may sometimes be represented by a simple elec 

tron exchange reaction as 

kf Ox + e t ■>■ Red 

*b 

[24] 

In an electron transfer reaction, the electrode acts only as a 

donor or acceptor for electrons. The electron transfer is assumed to 

be fast compared with atomic movement (Frank-Condon Principle), and 

occurs between electron states of the same energy. The energy level 

of a redox system in the solution is defined in an analogous way to 

energy levels in a solid (36, 56). 

The Fermi level in the semiconductor electrode is shifted by 

polarization, and this supplies the motive force of electron trans¬ 

fer at electrode-electrolyte interface. 

The overall current can be expressed as the difference between 

the forward and reverse rate, as in chemical kinetics. 

i - urocfcl - *,,4) [25] 

C O 
where kf and k^ are constants at a fixed potential. c° and c£ 

are the concentration of Ox and Red at the surface where they are 
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discharged, n is the number of electrons involved and F is the 

Faraday. The overall current i will be considered positive for a 

cathodic reaction on which équation [24] goes from left to right, kf 

and are expected to be exponential functions of potential. This 

assumption can be justified by transition state theory (26). 

P 
kf = kj exp(- an ^rU) [26] 

\ = k_iexp((l-a)n ^rU) [27] 

where kj and k-x are potential independent constants, and a is 

an empirical constant (transfer coefficient) with a value approximately 

0.5. 

Using the definition for overpotential (n = U - Ug) 

where i0 is exchange current, and cb represents the bulk concen¬ 

tration. 

i0 = nFk°c
b = nFk*c£ [30] 

Substituting equation [28], [29] in equation [25] gives 

l = lr 4 
T exp(-an^n) -3 exp((l-a)n L n) 
C c 

L- O 

[31] 
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S b 
If the reaction is completely activation controlled, c^ = c“ and 

S b 
c„ = c°, equation [31] becomes 
K K 

i = i0[^exp(-cxn n ) - exp((l-a)n n) [32] 

For large negative n, equation [32] reduces to a simple equation 

i = i0 exp (-an n ) [33] 

Taking the logarithm of this equation, the Tafel equation is obtained. 

''‘i10*1- -ü ^ [34] 

For small n, equation [32] can be simplified by expanding the 

exponential 

l = i0 £ (1-001 n ) - (1 + (l-a)n |:n) ] 
_ , nF r, - lo pj h [35] 

or i = 

n RT 

[36] 

Equation [36] can be used to calculate the exchange current 

(io) from the slope of the current-potential curve (i/n). 

If the rate determining step is the diffusion of electrons 

(57), the electron concentration in a diffusion layer is given by 

c e -x/6e n(x) = nb [37] 
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where n(x) is the electron concentration at the position of x, c 

is constant and is the diffusion length. The current is given by 

i - -e De (^*1) [38J 

eD 
= - (n - n(x)) [39] 

eD nb „M 

- - (1 - ^ ) [40] 
e n 

= i (1 - Efel ) [41] 

* n 

where Dg is the diffusion coefficient. When n(x) is zero, i is 

equal to i^ which is called a diffusion limiting current. 

Results and Discussion 

The current-potential behavior of the ferri- ferrocyanide 

reaction is illustrated in Fig. 23. For comparison, the curve for 

platinum is shown. The rest potentials for passive copper were essen¬ 

tially the same as the value observed on platinum. Some hysteresis 

was observed in the polarization curve for fast sweeps ( > 1.0 mV/sec) 

but not for slow sweep (0.5 mV/sec]. The polarization characteris¬ 

tics were symmetrical. Both anodic and cathodic limiting currents 

increased by stirring the solution, indicating the process was con¬ 

trolled by diffusion of reactants. The polarization curves were 

measured within the passive region. At higher cathodic potentials 
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Figure 23 

Kinetics of Ferri/Ferrocyanide Redox Couple 

o Platinum 

□ Passive Copper 
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(-0.8 V), the reduction of films began to take place, and the current 

increased. There was no difference between copper electrodes oxidized 

by different methods. At low overvoltage, the exchange current can be 

calculated using equation [36]. 

The diffusion limited current was calculated for comparison 

with experimental values. Equations analogous to equation [41], which 

is for electron diffusion controlled processes, can be used. 

i = nF £ c [42] 

The values for D and 6 are available (58, 59). 

D - 7.3 x 10"6 cm2/sec (ferri-ferrocyanide) 

<5 = 5 x 10"3 cm (under stirring by gas bubble) 

Assuming that D and Ô do not vary with changes in concentration of 

electrolyte, and that gas bubbling has little effect on 6 (59), ij 

is approximately 3.5 * 10“3 (A). The estimated value is larger than 

experimental values. 

The behavior of passive copper electrodes, which have high 

exchange current, is similar to that of metals (Pt). Since the 

density of states near the Fermi level is small for semiconductors, 

the exchange current is usually smaller for semiconductors than the 

values for metal electrodes. The oxide film of platinum is only 

several Angstroms thick in the potential range of this study (60), 

and there are differences of several thousand Angstroms in thickness 

of films between the anodic film and other passive films. Therefore, 
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the current density of electron transfer depends not on the thickness 

of the film but on the electronic structure. 

The band structure of the passive layer is suggested in Fig. 24. 

The flat band potentials of CuO films are about 0 V, and redox 

potential of ferri-ferrocyanide is +0.2 V. Therefore, at equilibrium 

the bands bend up to form an accumulation layer where the majority 

carriers (holes in p-type semiconductors) are accumulated. The occu¬ 

pied energy levels of the redox system overlap well with the valence 

band (Fig. 24 A). Consequently, the exchange current should be large. 

Under anodic potentials (Fig. 24 B), the Fermi level exceeds 

the upper valence band edge, and holes accumulate at the surface. 

This can be seen from the increase of the capacitance at high poten¬ 

tials. The anodic reaction can be explained by the electron transfer 

into the valence band (valence band mechanism). 

On cathodic polarization (Fig. 24 C), the energy bands are 

bent downwards and electrons increase at the surface. Under this 

condition, the electrons from conduction band can be transfered 

(conduction band mechanism). Furthermore, since acceptor concentra¬ 

tion of passive copper is large, the energy barrier of valence band 

should be thin. Therefore, it is also reasonable to postulate elec¬ 

tron tunnelling between valence band and unoccupied states of the 

redox couple. 

Thus, under both anodic and cathodic polarization, electron 

transfer is very fast. Therefore, the limiting current by diffusion 

of the redox couple should be observed as it is shown in Fig. 23. 
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Figure 24 

Energy Diagram for the Passive 

Film/Redox Couple Interface 
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A. Equilibrium 

C. Cathodic Polarization 

Ured 



CHAPTER VII 

CONCLUSIONS 

The semiconducting properties of the passive films on copper 

were investigated by several methods. 

Cyclic voltammetry was used to investigate the electrochemical 

behavior of copper in alkaline solutions. Using cyclic voltammetry, 

two main processes were observed: (a) formation of Q12O, (b) formation 

of CuO. The peak corresponding to Cu(III) formation was obscured by 

oxygen evolution. 

The thickness of the passive films formed by several methods 

were estimated from the charge passed during anodic oxidation or catho¬ 

dic reduction. The thickness of anodic films reached a limiting 

O 

value (70 A). The thermal oxide and the film grown in CUSO4 had 

thicknesses of several thousand Angstroms. 

Electron transfer kinetics between the ferri-ferrocyanide redox 

couple and the passive electrodes showed diffusion-controlled kinetics 

similar to a metal. The results were interpreted by using the band 

model for semiconductors. The large exchange current was due to the 

formation of an accumulation layer in valence band. 

Mott-Schottky plots showed that the passive films on copper 

were p-type semiconductors. The acceptor concentration of the anodic 

film was more than ten times larger than that of thermally grown film. 
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Passive filins on copper were photoconductive. For filins formed 

in NaOH, and thermally grown film, the values of the flat band poten¬ 

tial were in good agreement with the values from capacitance measure¬ 

ments. It was shown from photocurrent spectra that these passive 

films were mostly cupric oxide. The film grown in CuS04 was cuprous 

oxide and showed positive photocurrent as well as negative photocur¬ 

rent. Its flat band potential was much more cathodic than that of 

cupric oxide. 



APPENDIX 

List of Symbols 

Symbol 

C m 

H 

C 
SC 

d 

D 

D 
e 

e 

E 
c 

E 
g 

F 

i 

Concentration of oxidized species at the surface 

Concentration of oxidized species in the bulk of 

the solution 

Concentration of reduced species at the surface 

Concentration of reduced species in the bulk of 

the solution 

Measured capacitance 

Capacitance of the Helmholtz layer 

Capacitance of the space charge region 

Film thickness 

Diffusion constant of redox couple 

Diffusion constant of electrons 

Electron charge (1.60 * 10“19) 

Energy of the bottom edge of the conduction band 

Fermi energy 

Band gap 

Energy of the top of the valence band 

Faraday constant (96480) 

Current density 

Electron current density 

Unit 

Moles cm"3 

Moles cm"3 

Moles cm"3 

Moles cm-3 

F cm'2 

F cm"2 

F cm-2 

O 

A 

cm2 sec"1 

cm2 sec"1 

Coulomb 

e V 

e V 

e V 

e V 

Coulomb 

A cm"2 

A cm"2 
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n, 0 

i* 
n 

P,° 
; * 

k 

“b 

M 

n 

ns 

»! 
% 

”b 

NA 

Q 

Q, 

r 

R 

t 

SC 

Electron exchange current density at equilibrium 

Electron photocurrent 

Limiting current for diffusion controlled kinetics 

Exchange current density 

Hole current density 

Hole exchange current density at equilibrium 

Hole photocurrent 

Boltzman's constant (1.38 x 10"23) 

Anodic rate constant 

Cathodic rate constant 

Molecular weight 

Stoichiometric number 

Concentration of electrons at the surface 

Value of ng at equilibrium 

Concentration of electrons in the bulk 

Increase in nb voider illumination 

Concentration of acceptors 

Concentration of donors 

Charge 

Charge on the space charge layer 

Roughness factor 

Ideal gas constant (8,314) 

Time 

Temperature 

A cm-2 

A cm-2 

A cm-2 

A cm"2 

A cm-2 

A cm-2 

A cm"2 

J deg"1 

cm sec"1 

cm sec-1 

cm"3 

cm"3 

cm-3 

cm-3 

cm-3 

cm"3 

Coulomb 

Coulomb 

J mol"1 deg"1 

sec 

T K 
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U Electrode potential 

Ufb Flat band potential 

Ured Equilibrium redox potential 

x Coordinate 

z Charge on an ion 

a Transfer coefficient 

<5 Diffusion length of ferri- and ferrocyanide ions 

<$e Diffusion length of electrons 

e Dielectric constant 

e0 Dielectric constant of vacuum (8,854 x 10“
12) 

\p Electrostatic potential 

Electrostatic potential at the surface 

i^b Electrostatic potential in the bulk 

Aips Potential drop in the space charge layer 

n Overpotential 

p(x) Charge density 

V 

V 

V 

cm 

cm 

cm 

F nr1 

V 

V 

V 

V 

V 

Coulomb cm-3 
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