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Anodic polarization of HgTe, CdTe and 
Hg0.8Cd02Te- oxide formation kinetics 
and composition 

R. D. S. Y A D A V A ,  A. V. R. WARRIER 
Solid State Physics Laboratory, Lucknow Road, Delhi 110054, India 

A comparative study of the anodic polarization behaviour of HgTe, CdTe and Hg0.aCd02Te at 
constant current density was undertaken. It is argued that metal dissolution starts first, which 
renders the semiconductor surface negatively charged and tellurium rich. The process con- 
tinues until the overpotential across the interface rises sufficiently to dissociate the tellurium at 
which point tellurium dissolution and oxidation begins. The continuation of this process evid- 
ently requires that the metal dissolution follows. This dissolution-precipitation mechanism for 
oxide nucleation is supported here. It is predicted that the molar ratio of HgTeO3 to CdTeO3 
in the anodic oxide on Hg0aCd02Te should be ,,~ 1.1. This is in good agreement with the 
experiments. The overvoltages required to initiate oxidation are shown to decrease when the 
current density is increased. 

1. I n t r o d u c t i o n  
Surface preparation and passivation are important 
steps in producing high-performance infrared de- 
tectors from Hg 1 _.~Cd~Te crystals. Usually bromine 
methanol polish and etch are employed for the former 
and anodic oxidation in KOH solution for the latter. 
The characteristics of the semiconductor-oxide inter- 
face (surface state density, surface recombination velo- 
city and low-frequency noise) depend upon both treat- 
ments. Therefore, a detailed understanding of the 
electrochemical nature of the semiconductor is re- 
quired. Recently, several publications have appeared 
dealing with surface stoichiometry, oxide growth 
mechanism and composition [i 14]. However, there 
still remains much to be understood. 

Lastras-Martinez et. al. [1] reported that the brom- 
ine methanol etch damages the crystal surface by 
depleting it of cadmium and leaving a tellurium-rich 
layer up to a depth of ~ 60nm. A sequence of 
anodization-dissolution steps was shown to remove 
this damaged layer, though when continued beyond 
the damage depth a further cadmium-deficient 
and tellurium-rich zone is created towards the semi- 
conductor side of the interface [1]. In other 
reports, Rhiger and Kvaas [2] and Sakashita et  al. 

[3] also reported cadmium depletion after a 
bromine methanol etch, and a cadmium-deficient 
semiconductor-oxide interface after anodic oxidation. 
Richter et  al. [4] and Morgen et  aI. [5], however, 
reported no significant change in the interface stoi- 
chiometry. Sun et  al. [6], Davis et  al. [7] and Ahearn 
et  al. [8], on the other hand, reported that a mercury- , 
deficient zone of ~ 20 nm is formed at the interface as 
a result of anodic oxidation. Ahearn et  al. [8] also 
report to the contrary that the bromine methanol etch 
produces a thin mercury-rich surface layer. 
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Questions relating to the mechanism of oxide nu- 
cleation, growth and composition also are not fully 
answered. Janousek and Carscallen [9] supported the 
dissolution-precipitation mechanism for nucleation, 
and metal cation outdiffusion towards the electrolyte 
and/or hydroxyl anion successive-jump transport to- 
wards the interface through the film for the bulk 
growth process. According to their model, the initial 
oxidation products at the semiconductor~electrolyte 
interface are dissolved and diffused away in the solu- 
tion. Owing to imbalance between dissolution and 
diffusion rates, the semiconductor surface becomes 
either electroetched (if the former is smaller than the 
latter), or the concentration of oxidation products 
builds up at the interface until it exceeds the solubility 
limit, and an incipient oxide film is precipitated on the 
surface. Anodic polarization curves with sweeping 
voltage [8,9] exhibit two peaks. Ahearn et  al. [8] 
assign the first peak to the stripping of excess mercury 
at the surface produced by the bromine methanol etch 
and the second peak to tellurium oxidation accom- 
panied by further dissolution of mercury. Janousek 
and Carscallen [9], however, assign the first peak to 
cadmium oxidation and the second peak to tellurium 
oxidation. Similarly, Strong [10] has also recently 
concluded that the bulk oxide growth occurs by the 
hopping of oxygen ions into neighbouring oxygen 
vacancies towards the oxide-semiconductor inter- 
face (or oxygen vacancy outdiffusion towards the 
oxide-electrolyte interface). 

The composition of anodic oxides has also been 
extensively studied; however, the uncertainty still 
prevails. No agreement on this issue exists amongst 
the various authors [2-11]. Recent reports by 
Seelman-Eggebert et al. [12], Stahle et al. [13] 
and Strong et al. [14] clarify that earlier confusion 
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was due to changes in composition caused by 
ion-beam sputtering during elemental analysis. 
Seelman Eggebert et al. [12] conclude that HgTeO 3 
and CdTeO3 are the only constituents of the anodic 
oxide, and the CdTeO3 mole fraction, m, lies in the 
range x < m < 1. For x = 0.2 crystals, they inferred 
m - 0.55, and the corresponding Hg/Cd ratio to be 
0.82. Stahle et al. [13] and Strong et al. [14] concluded 
that the main constituents of anodic oxide are 
HgTeO3, CdTeO3 and TeO e. For oxides on x = 0.22 
crystals, they found Hg/Cd = 1.57, and for x = 0.202, 
Hg/Cd = 2.80. 

A comparative study of the anodic polarization 
behaviour of HgTe, CdTe and Hgo.sCdo.zTe at con- 
stant current densities is presented here. This helps in 
identifying the dominant electrochemical reaction at 
the interface during the nucleation stage Of oxide 
formation. By combining the present results with pre- 
viously published reports of other authors, a coherent 
picture of oxide formation kinetics may be presented. 

2. Experimental procedure 
Experiments were carried out on single-crystal wafers 
of Hgo.sCdo.zTe prepared by solid state recrystalliz- 
ation in our laboratory [15-L7]. The HgTe and CdTe 
crystals were as-grown without any special annealing 
treatment. The Hgo.sCdo.2Te crystals were n-type pre- 
pared by annealing in a mercury atmosphere. These 
crystals had electron densities in the range 1 to 5 
x 1015 cm -3 at 77 K. Samples of sizes about 4 • 1 
• 0.5 mm 3 were epoxied on to saphire discs and their 

surfaces were prepared by lapping with 1 ~tm alumina 
and chemomechanical polishing in 2% bromine meth- 
anol solution. Before anodization, the samples were 
etched for 30 sec in the same solution and rinsed 
thoroughly with methanol. The copper leads were 
attached to them with indium solder. The contact and 
that part of the lead which dipped into the electrolyte 
were covered with a lacquer. The electrolyte was 
0.1 MKOH in 90% ethylene glycol and 10% de- 
ionized water. A platinum sheet was used as the 
cathode and its separation from the semiconductor 
anode was always kept at 1 cm. The samples were 
anodized at constant current density over the range 
100 to 1000~tAcm -2. The cell voltage-time curves 
(anodic charging/polarization curves) were recorded 
with an X - Y  recorder. 

3. Results and discussion 
3.1. Relative behaviour of HgTe, CdTe and 

Hgo.sCdo.2Te at 100 t~Acm -2 
Prior to imposing the external current source, the 
anodization cell is in equilibrium. Energetically 
the most favourable redox reaction at the 
semiconductor-electrolyte interface establishes the 
equilibrium cell voltage. Based upon some known 
general facts, we first argue and assume a reaction 
model which establishes the equilibrium. The moment 
an electrode-electrolyte system comes into contact, 
charge transfer reactions at the interface start spon- 
taneously, the electrical double layer builds up and the 
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equilibrium electrode potential is established. The 
reaction for which the exchange current density is 
highest governs the electrochemical behaviour of the 
electrode. The exchange current density depends upon 
the free-energy change associated with the reaction 
and the activity of the ions/atoms involved. Of the 
three elements in question here, cadmium is the most 
electropositive and tellurium the least [18]. Therefore, 
cadmium has the highest tendency to ionize as Cd 2 + 
ions, followed by mercury. On the other hand, tellu- 
rium is fairly electronegative (electronegativity ~ 3.59 
[18]), and hence it has high tendency to accept elec- 
trons. Therefore, the likely reaction mechanism at the 
interface seems to be the dissolution of metal atoms in 
the solution as cations, leaving behind a negatively 
charged tellurium-rich layer on the semiconductor 
side. This reaction model is consistent with several 
experimental findings on surface stoichiometry as 
mentioned in Section 1. 

Thus, we assume that the most favourable process is 
the metal cation dissolution and deposition as per the 
redox reaction M ~ M 2 + --}- 2e. When the current is 
switched on, electrode polarization occurs and the cell 
voltage changes due to the following factors: (a) the 
current flow in the circuit requires the above reaction 
at the interface to proceed in the forward direction. 
This is facilitated by inducing a potential difference 
across the interface (activation polarization); (b) if the 
rate of metal dissolution is higher than the diffusional 
out-flux in the solution then the ion concentration at 
the interface increases causing a further potential dif- 
ference between the solution and the semiconductor 
(concentration polarization); (c) ohmic drop across 
the solution resistance between anode and cathode 
which remains constant during the anodization at 
constant current. If we assume the platinum cathode 
to be non-polarizable (the justification for which is 
provided later) then the change in cell voltage (over- 
voltage) with time is solely a record of events at the 
semiconductor-electrolyte interface with time. 

Fig. 1 shows such a record for HgTe, CdTe and 
Hgo.sCdo.zTe at 100 p.A cm -z  constant current dens- 
ity anodization. The inset at the right-hand bottom 
corner shows the variation of cell voltage for the first 
few seconds with better resolution. The 'initial cell 
voltage rises quickly and passes through a sublinear 
region in each case. This is followed by another pro- 
nounced sublinear region in HgTe and Hgo.sCdo.iTe, 
but not in CdTe. Then comes a slowly varying region 
(almost a plateau in HgTe), a superlinear region and 
finally a perfect linear region corresponding to steady 
state oxidation in each case. Similar curves were 
also reported for Hgo.TCdo.3Te by Janousek and 
Carscallen [9] although there are a few important 
differences which will be elaborated below. 

The different stages of cell voltage variation indicate 
different processes at the interface. The moment 
current flow begins the equilibrium double-layer 
structure is disturbed, the metal cation dissolution 
increases and the semiconductor side of the interface, 
which is already tellurium rich, becomes more nega- 
tively charged and tellurium rich. However, due to 
metal depletion at the interface, further dissolution 
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Figure 1 Anodic polarization curves of HgTe, Hgo.sCdo.2Te and CdTe at 100 #Acm 2; the compounds are also abbreviated as MT, 
MCT and CT, respectively. 

becomes increasingly difficult and to keep pace with 
the charge transfer rate the activation overvoltage, qa 
rises. The imbalance between the charge exchange at 
the interface and ion transport rate in the solution also 
causes the concentration overvoltage, qo, to increase. 
Thus the first shoulder in each case is identified as the 
metal dissolution which causes both q, and qc to 
increase, producing an increasing electric field at the 
interface. Under this field the negatively charged tellu- 
rium layer experiences increasing force which tends to 
dissociate it from the semiconductor matrix. However, 
the field required to dissociate tellurium depends upon 
two factors, the degree of ionicity of the bond and the 
stoichiometric deviation which the lattice can with- 
stand. It is known that the degree of ionicity in the 
CdTe bond is 0.67 [19] and is higher than that in 
HgTe, 0.50 [20]. In addition, the stability field of CdTe 
[21] is quite narrow and relatively symmetric around 
the perfect stoichiometry, whereas HgTe [22] posses- 
ses a wider stability field lying almost entirely on the 
tellurium-rich side. Therefore, tellurium dissociation 
from CdTe is much easier and may occur at a much 
lower electric field than from HgTe. The beginning of 
the second shoulder is identified as the onset of tellu- 
rium detachment in HgTe and Hg0.sCdo.2Te. Its ab- 
sence in CdTe is because of the above-mentioned 
differences from the other two compounds. As the 
cadmium dissolution proceeds and the tellurium-rich 
layer is formed, the interface becomes highly unstable 
because no high stoichiometric deviation is allowed. 
Further cadmium dissolution will not proceed until 
the excess tellurium is cleared. Thus cadmium and 
tellurium dissolution and oxidation in the case of 
CdTe closely accompany each other, and different 
shoulders are not resolved. On the contrary, HgTe 
and Hgo.aCdo.zTe can stand a large stoichiometric 
deviation towards the tellurium-rich side before tellu- 
rium dissolution begins and the large overvoltages are 
required. 

The relatively flat region which follows the second 
shoulder indicates that this dissolution process is ac- 
companied by an electron-donating reaction. This is, 

probably the energetically most favourable tellurium 
oxidation [21] 

Te + 6OH- --* TeO~- + 3H20 + 4e 

As tellurium dissolution and oxidation proceeds, the 
surface becomes relatively clear of excess tellurium 
and the metal dissolution begins to compete. This 
results in the electroetching of the semiconductor 
surface and is the dissolution phase of the oxide 
nucleation mechanism [9]. When the concentration of 
the metal ions and tellurite ions increases beyond the 
solubility product at the interface, oxide nucleation at 
the semiconductor surface begins and marks the onset 
of the superlinear region. As more and more surface 
area is covered with the incipient oxide film the cell 
voltage rises, and when the surface is fully covered, 
oxide thickening starts, marking the beginning of the 
linear region. 

3.2. Chemical composi t ion  of the oxide 
The shoulder voltages (taken as the crossing point of 
the two tangents drawn on either side of the shoulder) 
are, in fact, critical overvoltages, qcr, required for a 
particular electrode reaction to occur. They are ana- 
logous to activation energies involved in a thermally 
activated reaction, reaction rate o c e x p ( - E , / k T )  

where Ea is the activation energy. Similarly, any other 
overvoltage, q, is analogous to kT.  Therefore, the rate 
of the reaction at overvoltage q will be proportional 
to exp( - qcr/q). The rate of reaction is also propor- 
tional to the activity of the reactants. From the above 
identification, the highest shoulder voltages observed 
are the critical overvoltages required to initiate the 
oxidation of the electrodes. Further, in view of the 
experimental findings of Seelman-Eggebert et a l. [-12], 
if we assume that the oxidation products are CdTeO3 
and HgTeO 3 only, the rate of formation, R, of these 
anodic products at the shoulder voltages in 
Hgl-=CdxTe will be 

RCdTe03 OC xexp(. -~CdTe t 
]~Hg I - xCdxTe / 
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and 

RHgTeO3 0(2 ( 1 - x ) e x p (  qHgTe / 
1]Hg 1 xCdxTe  / 

It is reasonable to assume that the chemical composi- 
tion of the anodic film contains these products in the 
same ratio in which they are formed. Therefore, the 
molar ratio of HgTeO3 to CdTeO a in the oxide is 
given by 

-- ( "qHgTe -- 1]CdTe> Hg/Cd - l Xexp . . . .  
X ]~Hg 1 _ x CdxTe 

It can be seen from Fig. 1 that rlcr for HgTe, CdTe and 
Hgo.8Cdo.zTe are 1525,263 and 970 mV, respectively. 

The molar ratio Hg/Cd for x = 0.2 is therefore 1.09. 
This gives a CdTeOa mole fraction m ~- 0.48. Com- 
pare this value with Seelman-Eggebert et  al.'s value 
m -~ 0.55; the agreement is fairly good. Thus the pre- 
sent results provide an explanation for the fact that the 
molar ratio of CdTe and HgTe oxidation products in 
the anodic film is dramatically different from their 
ratio in the alloy. 

3.3. Variation of anodic polarization of 
Hgo.8Cdo.2Te with current density 

Fig. 2 shows the variation of cell overvoltage with time 
over a range of current densities. The similarities and 
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Figure 2 Anodic polarization curves of Hgo.sCdo.2Te for different current densities. 
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differences of these curves with those reported by 
Janousek and Carscallen [-9] is noteworthy. The 
length of both plateaus (induction times) decreases 
with increase in current density. This trend is similar 
to that given by Janousek and Carscallen [9], and is 
shown in Fig. 3 for the second plateau. However, both 
the shoulder voltages decrease with increasing current 
density, in sharp contrast to that in [-9] where it is 
reported to increase, see Fig. 3. The reduction in 
shoulder voltages with current density can be qualitat- 
ively understood in terms of the latter's effect on the 
structure of electrical double layer. At high current 
density the dissolving species at the interface find it 
difficult to cope with the demand for higher dissolu- 
tion rate; therefore, the entire Guy-Chapman layer 
and hence the Helmholtz outer plane is attracted 
closer to the semiconductor. This process will produce 
a high electric field at the interface at low overvoltages 
and keeps the dissolution going. No plausible ex- 
planation can be offered for the observed differences 
between the present results and those given in [9]; 
however, the reason seems to lie in the difference in 
composition. For alloys with higher x-values the ex- 
change current density at equilibrium is quite high 
(because of the higher cadmium content); therefore the 
dependence of current on _activation polarization 
(Tafel relationship) and concentration polarization 
[22] probably holds over a large range of current 
densities; therefore, the overvoltages increase with 
current density. 

Another aspect worth noting is the rate of cell 
voltage change in the linear region (bulk oxide growth 
region). With increasing current density it increases 

- 2  almost linearly. However, above about 300 ~tm cm 
a small superlinearity arises. This may be due to the 
following reason: at high current densities the diffu- 
sional flux of the anodic products reaches their limit- 
ing values, therefore, to cope with the charge transfer 
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rate from the semiconductor to the solution, the pre- 
cipitatioh rate increases by a factor more than the 
increase in current density. The proportionate varia- 
tion of the oxide growth rate with current density also 
indicates that the entire overvoltage drops across the 
semiconductor-oxide-electrolyte region. In other 
words, the semiconductor electrodes are almost com- 
pletely polarizable and the platinum cathode is non- 
polarizable. 

3.4. Relationship between first and second 
overvoltages 

No definite relationship could be established between 
the first and the second overvoltages. However, in 
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Figure 5 Anodic polarization curve of Hgo.8Cd0.2Te at 300 gA cm -2 after the initial oxide grown at the same current density was stripped. 
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general the second was lower for a lower first over- 
voltage. Even for the same anodization conditions, the 
two voltages showed considerable fluctuation when 
examined for a large number of samples. Fig. 4 repre- 
sents the scattered points over a large range for a 
number of samples anodized over the current density 
range 20 to 1000 ~tAcm -2. This is apparently due to 
the non-reproducibility of the surface condition prior 
to anodization, because of the random orientation of 
the crystals and the bromine methanol etch. The 
former will result in varying kind and density of 
surface defects from sample to sample and the latter in 
uncertain stoichiometrically damaged layer [1, 8]. 
This will markedly influence the initial stages of oxida- 
tion. It was noticed in a few cases that after the anodic 
oxide was removed in very dilute HF solution (about 
0.2%) and further anodized, the first shoulder did not 
appear. One such curve is shown in Fig. 5. This sup- 
ports the contention that the first shoulder corres- 
ponds to the metal dissolution, because the initial 
oxidation will produce a metal deficient (preferably 
cadmium deficient because of higher exchange current 
density) interface having reducing concentration gra- 
dient towards the bulk semiconductor. This metal 
deficiency zone may increase and finally stabilize dur- 
ing bulk oxide growth. After dissolving the oxide this 
zone is already present on the surface, so during the 
second anodization the overvoltage rises directly to 
dissolve and oxidize tellurium. 

4. Conclusion 
The two peaks appearing in the I -V  characteristics of 
the anodization cell have been correlated to the two 
shoulder voltages appearing in the overvoltage time 
curves under constant current density. The first peak 
and shoulder voltage correspond to the metal cation 
dissolution and the second to tellurium dissolution 
and oxidation. In Hg 1 _xCdxTe alloys, the dissolution 
rate of cadmium is expected to be greater on the 
grounds of the low activation potential needed; how- 
ever, it should be properly weighted by its activity in 
the alloys. In low x alloys the dissolution rate of both 
mercury and cadmium may be comparable. The im- 
balance of these two rates will determine the stoichio- 
metric deviation of the semiconductor oxide inter- 
faces. We favour the dissolution-precipitation model 
for oxide nucleation. We have shown that the oxide 
composition could be remarkably different from the 
molar ratio of the components in the alloy, and a 
relationship for the entire alloy composition range is 
predicted. The prediction from this relationship agrees 
with the available experimental data. It is also shown 
that the semiconductor electrodes are completely pol- 
arizable and the oxidation overvoltages decrease with 
increasing current density. 
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