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The depletion layer capacitance of n-type gallium arsenide was measured as a function of its anodic 
potential in an electrochemical cell. It was shown that these measurements can lead to accurate 
values of carrier concentration, and are compatible with stripping by electrochemical dissolution, 
provided that surface area is preserved. The experimental conditions required to maintain the 
electrolyte-semiconductor contact area constant, are described. Also, it is shown that excursions into 
regions outside those specified lead to significant enhancement of capacity (via real area increase). 
Under these conditions the carrier concentration can no longer be obtained but much can be learnt 
about the internal structure of the material. 

1. Introduction 

The electrochemical behaviour of the interface 
between a semiconductor electrode and an 
electrolyte depends, under certain conditions, 
upon the conductivity and doping type of the 
semiconductor [1, 2, 3]. In particular, under 
anodic polarization, the interface between an n- 
type semiconductor and a concentrated electro- 
lyte can be considered as a Schottky barrier, 
which determines both electrical behaviour [4, 5] 
and dissolution rate [4], within a limited range 
of applied potentials. Current-voltage [4] and 
capacitance-voltage [5] measurements have been 
used to estimate values of carrier concentration, 
with the latter method yielding the best quantita- 
tive results to date. Electrochemical etching 
reveals features which can be correlated with 
defects in the material [4, 6, 7], with the relative 
enhancement of different defects depending on 
the precise conditions of anodic dissolution. 

In the present work we have studied the 
electrochemical capacitance-voltage behaviour 
of gallium arsenide (with doping levels between 
1016 and greater than 1018 cm -3) as a function of 
dissolution conditions, which are varied by the 
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absence or presence of illumination. Two distinct- 
ly different etching regimes have been distin- 
guished. In one a gross enhancement of surface 
area is indicated by visual examination, and con- 
firmed by capacitance measurements. Increases 
by factors of up to 7 have been observed. In the 
other etching regime, the increase in capacitance 
is negligible following extensive dissolution, and 
accurate values of carrier concentration may be 
deduced, which are in close agreement with Halt 
measurements. It is thus demonstrated that by 
operating in the 'safe' regime a carrier concentra- 
tion depth profile, with essentially no depth 
limit, may readily be obtained, while additional 
information on defects may be forthcoming 
from separate studies of areas etched in the other 
regime. In addition, a correlation between 
doping inhomogeneities in material, indicated by 
electrochemical capacitance measurements, and 
features revealed by dissolution, is described. 

2. Experimental 

2.1 Apparatus 

The electrolytic cell has previously been des- 
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cribed [4]. Briefly it consisted of a simple arrange- 
ment whereby a well-defined area of  one face of  a 
GaAs slice was held in contact with flowing 
aqueous K O H  solution with provision for 
illumination of the interface via an integral 
light-pipe. Two back contacts were provided to 
the slice: Potential measurements were made via 
one of these contacts with respect to a saturated 
calomel electrode (SCE) in contact with the 
electrolyte, while current was passed between 
the other contact, and a carbon working elec- 
trode. Automatic current voltage characteristic 
plotting was employed as used previously [8]. 
For  the present work, an A.C. coupled auto- 
balance capacitance bridge, Wayne Kerr  type 
B641, operating at 1"592 KHz,  and a voltage 
sweep unit, Hewlett Packard function generator 
type 3310B, were connected in parallel between 
the 'current '  contact and the carbon electrode. 
The latter unit was connected via a 100 H series 
inductance to provide effective isolation at the 
operating frequency of the bridge, and a tri- 
angular sweep function of 0.015 Hz frequency was 
employed. Capacitance-voltage curves were 
plotted on an x - y  recorder. 

Several simple modifications to the basic cell 
system have also been made since the earlier 
published work [4]. The O-ring used to define 
the area of  sample in contact with the electrolyte 
was replaced by a short, 4 mm diameter, thin- 

walled ceramic tube with a silicone rubber coat- 
ing, resulting in highly reproducible area defini- 
tion. Secondly, improved back contacts have 
been obtained by coating the gold probes with 
tin (a donor in gallium arsenide) yielding, upon 
forming, contact resistances of  between 1 f~ and 
6 ~,  depending upon the doping level of  the 
gallium arsenide. Finally, an improved light 
guiding system has been incorporated, which, 
in conjunction with a 250 W quartz iodine tung- 
sten light source has permitted the attainment 
of  much higher illumination levels than used 
previously. 

2. Procedure 

Six different samples of  gallium arsenide single 
crystals, sliced on the (100) plane from boat  
grown or Czochralski grown ingots, were selec- 
ted. These included commercial-grade material 
supplied by Bell and Howell Inc. (U.S.A.), and 
Mining and Chemical Products (U.K.), and, 
also, an example of  dislocation-free material 
grown at the Battelle Memorial Institute [9, 10], 
as listed in Table 1. The front faces were mech- 
ano-chemically polished using bromine in 
methanol [11], and followed by chemical polish- 
ing in H2SO4:H202:H20 (3:1:1) just prior to 
the measurement. Current-voltage characteristics 
were measured on test areas of  each material, 

Table 1 

Sample Supplier Ingot No. Dopant Test 
area 

Carrier 
concentration 

(Hall) 
electrons cm- a 

Carrier 
concentration 

(electrochemical Stripping 
capacitance) mode 

electrons cm- a 

n/no A/Ao 

A MCP X2544 Si I 
II 
III 

B Battelle Si I 
II 

C B&H Si I 
D MCP AX656A Sn I 
E B&H None I 

II 
III 
IV 

F MCP A1082 None I 

2"57 x 10 is 2'27 • 1018 Illuminated 
- -  2.24x 10 is Dark 

1.63 x 10 ts 1.46 x 1018 Illuminated 
1.32 x 10 is 1.26 x 10 is Illuminated 

- -  1.25 x I0 is Dark 
4.12 x 1017 4.17 x 1017 Illuminated 
1.48 x 10 a 7 1-46 x 1017 Illuminated 
3.75 x 1016 5.11 x 1016 Illuminated 
3-67 x 1016 4.69 x 1016 Illuminated 
3.45 x 1016 6.25 • 10 t6 Illuminated 

5.70 x 1016 Dark 
3.34 x 10 a6 6.67 x 1016 Illuminated 

1"08 
8"74 
1-07 
1 '03 

43 '9 
1 "09 
1 "07 

1 "08 
1 "08 
I "27 

32"9 
0"94 

1 "04 
2"96 
1 "03 
1"01 
6"63 
1"04 
1 "03 
1"04 
1 "04 
1"13 
5"73 
0"97 
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Fig. 1. Voltage versus log current characteristics for the medium-doped n- 
type GaAs sample C (see Table 1): (a) in the dark, (b) under 'band-gap' 
illumination using a tungsten source and a narrowband optical filter, and 
(c) under intense tungsten illumination (for which the saturation photo- 
current region was not reached). The rest potential is marked. 

both in the dark and at different illumination 
levels, in a manner similar to that reported 
earlier [4, 8]. Typical curves (for the medium- 
doped specimen C) are shown in Fig. 1, plotted 
in the form of voltage versus log current. It has 
been established that, at sufficiently low poten- 
tials, the observed current under illumination is 
determined by holes generated in the near surface 
region of  the gallium arsenide, so that the anodic 
dissolution rate is controlled by the light inten- 
sity [4]. It should be noted that there is a poten- 
tial region in which a saturation current is 
approached, its value being proportional to 
light intensity. At sufficiently high potentials, a 
current is also observed in the dark, as shown. 
No detailed explanation for this current has yet 
been proposed, since it is observed at much lower 
voltages than those normally associated with 
avalanche breakdown in material with the same 
average doping level [12]. 

Because early experiments had shown that 
deep pitting can occur when dissoIution takes 
place via the anomalous dark current mechan- 
ism, initial dark capacitance-voltage measure- 
ments were performed on fresh areas of each 
sample, using a restricted voltage sweep, to 
ensure that negligible dissolution occurred while 
tracing a curve. In practice this meant that the 
maximum anodic potential was chosen to corres- 
pond to a current density of less than 10 .7 A 
cm -2 (so that less than 1 A was removed per 
plotting cycle), whilst the minimum potential 
was fixed just above the rest potential. Fig. 2 
shows a plot taken for the sample represented 
in Fig. 1. (Note that voltage is shown as the 
ordinate, to correlate with the voltage-log current 
plots.) 

Following these initial capacitance measure- 
ments, material was removed in stages by anodic 
dissolution, either under intense tungsten filament 
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Fig. 2. Voltage versus electrochemical capacitance for sample C, showing a theoretica 
curve exactly super-imposed on the experimental plot. Also shown is the point on the 
potential axis which corresponds to zero potential barrier height, as deduced from the 
curve fitting. 

illumination, or in the dark, but in both cases 
fixing the dissolution current at a value of 
3 x 10 .4  A, as indicated by the markers on Fig. 
1. The amount of material removed at each 
stage was estimated from the measured total 
charge transfer (integrated current), on the 
assumption that six units of charge were 
involved in the reaction for the dissolution of 
one molecular weight unit of gallium arsenide 
[13]. Further capacitance measurements were 
made at each stripping stage. The total amount 
of  material removed from each sample corres- 
ponded to an 'equivalent' depth of I0 #m 
removed, on the assumption of  uniform stripping 
over the entire exposed area; the limitations of 
this assumption in different circumstances will 
become apparent. The removal rate was equi- 
valent to approximately 0.1 #m min-J .  

Visual examination was carried out subse- 
quently, followed in some cases by optical 
microscopy, scanning electron microscopy, and 
surface roughness measurements using a Rank- 
Taylor-Hobson 'Talysurf' instrument. Those 
samples which were etched under illumination, 
and had hence not suffered gross topographical 
disturbances, were then subjected to Hall effect 
measurements of carrier concentration. For this 
purpose, a 2.5 mm diameter disc was taken from 

the centre of each etched area by ultrasonic 
drilling, and these were further etched in 
H2SO4:HzOz:HzO (3:1:1) to remove work 
damage before the measurements were taken 
using a Van der Pauw [14] four probe arrange- 
ment. 

3.  R e s u l t s  

Table 1 lists, in decreasing order of carrier 
concentration, the samples studied; at each end 
of the carrier concentration range, electrochemi- 
cal measurements were made on different areas 
of the same sample, while samples of intermediate 
doping level were examined less extensively. In 
each case, the initial carrier concentration is 
given, as indicated by electrochemical capacitance 
measurements in the dark. These were obtained 
by matching the experimental curves to theoreti- 
cal curves derived from the Schottky barrier 
formula [15], for depletion layer capacitance: 

C =  O-~A 

where q = electronic charge, n = net donor 
concentration, eo = absolute permittivity of free 
space, e = relative permittivity of gallium arsen-  
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ide, ~ = potential barrier height and A = area 
exposed to electrolyte. 
The values obtained are plotted in Fig. 3 against 
those obtained from the Hall effect measurements 
(except for samples subsequently dissolved in the 
dark). 
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Fig. 3. Carrier concentration, determined from electro- 
chemical capacitance, versus carrier concentration given 
by the Hall effect, for samples listed in Table 1. 

The final columns in the table indicate the 
apparent increase in carrier concentration 
(n/no) following the removal of  the equivalent of 
10 #m of material, and, alternatively, the increase 
in effective surface area in contact with electro- 
lyte (A/Ao) which is implied if it is assumed that 
the carrier concentration in fact remained 
unchanged. Note that the largest increases cor- 
respond to the three examples of dissolution in 
the dark. This is shown in more detail in Figs. 4 
and 5, in which the increases are plotted as a 
function of the amount of material removed. 

The final appearance of the above areas, 
dissolved in the dark is compared in Figs. 6, 7, 
and 8 with that of  adjacent areas of the same 
samples stripped under illumination-controlled 
conditions. Where illumination was used, two 
concentric regions are apparent. The inner area, 
defined by the inner diameter of the coated 
ceramic tube, represents the dissolved illumin- 
ated area, while the existence of an outer rim 
suggests that electrolyte spread to the outer 
diameter of the tube. This is confirmed by the 
absence of an inner ring in the photographs 
of areas dissolved entirely in the dark, where 
the outer ring is just visible in Fig. 6b and clearly 
visible in Fig. 8b. (Occasional measurements in 
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Fig. 4. The apparent increase in cartier concentration as a function of 
the amount of material removed (expressed as the equivalent average 
depth) by electrochemical dissolution in the dark, assuming no change 
in area. Refer to Table 1 for sample identification. 
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Fig. 5. The increase in effective surface area as a function of the amount 
of material removed, by dissolution in the dark, assuming no change in 
carrier concentration, for those samples depicted in Fig. 4. 

the presence of illumination were made at 
stages during the dark dissolution of the sample 
shown in Fig. 7b; hence the inner ring.) The two 
different areas were taken into account (a) in 
determining the depth corresponding to the 
amount of material removed during 'uniform' 
stripping under illumination, and (b) in deducing 
carrier concentration from the dark capacitance. 

Variations in etching characteristics between 
different areas of the same slice were also obser- 
ved, under identical dissolution conditions. 
Fig. 9a shows the whole of the most highly doped 
sample A, upon which five different areas were 
examined, including the two depicted in Fig. 8. 
The striations, which are clearly visible in areas 
either side of the central region, were faintly 
visible following the initial etch/polish. Area III 
shown in Fig. 9b (from the lower centre of Fig. 
9a) is to be compared with area I shown in Fig. 
8a; both were stripped under illumination. The 
corresponding carrier concentration measure- 
ments (from the Table) showed an average value 
50~ higher in the heavily striated region than in 
the relatively smooth region. 

Microscopic details of the topography of 
etched areas are the subject of a separate paper 
[7]. Examples are shown, however, in Fig. 10, 
of scanning electron micrographs of one of the 
isolated, deep pits apparent after the dark dis- 
solution of area IV of the heavily doped sample 
A (Fig. 9a). A 'Talysurf' trace across the two 

major channels formed in area II, apparently by 
the coalescence of similar pits along striation 
lines, is shown in Fig. 11. The volume of these 
channels accounted for 75% of the total material 
removed from the exposed area. Examples of 
roughness traces across the surfaces remaining 
after dissolution of specimens under illumina- 
tion, are shown in Fig. 12. 

4. Discussion 

The close agreement between values of carrier 
concentration measured by the electrochemical 
capacitance method and those obtained from 
Hall measurements confirms the reliability of the 
method. There is, however, a discrepancy 
apparent for the material with the lowest carrier 
concentration; the capacitance method suggests 
larger values. The most likely explanation for 
this is that this method includes a contribution 
from deep levels, whose concentration is in this 
case large compared with that of the shallow 
levels which determine the carrier concentra- 
tion. The use of a higher frequency (e.g. 1 MHz) 
for the capacitance measurements would then 
eliminate this contribution; alternatively a more 
detailed frequency-dependent analysis should 
yield quantitative information on deep and 
shallow levels [16, 17]. This is supported by the 
fact that some hysteresis was apparent in our 
capacitance measurements for the low-doped 



(a) (b) 
Fig. 6. Comparison of areas after removal of 10 /~m (equivalent) of material by dissolution (a) under illumina- 
tion, and (b) in the dark, showing areas III and IV respectively of sample E (low doped). 

(a) (b) 
Fig. 7. As for Fig. 6, showing areas I and II of sample B (highly doped, dislocation free). Note that area II was 
briefly illuminated during dissolution which was otherwise in the dark. 
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(a) (b) 
Fig. 8. As for Fig. 6, showing areas I and II of sample A (highly doped). 

facing p. 141 
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Fig. ] i .  The depths of the two major channels formed by 
dark dissolution of sample A, area I I  (Fig. 8b), shown on 
a 'Talysurf' trace perpendicular to the direction of the 
striations. 
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Fig. 12. Topography of the surfaces of (a) sample E, area 
III (low doped), and (b) sample B, area I (highly doped, 
dislocation free) following the removal of 10 l tm of 
material by dissolution under illumination. 'Talysurf' 
trace 'a' was taken perpendicular to the direction of the 
striations. 

samples, and that a frequency-dependence in a 
similar system has been reported by Birintseva 
and Pleskov [18]. A possibility that cannot be 
overlooked is that interfacial states contribute 
to the effect. Further studies are planned to 
clarify these points, but the present results 
demonstrate in principle the potential usefulness 
of this technique. 

It is clear that, when dissolution is used in 
conjunction with capacitance measurements, as 
for example in the determination of carrier 
concentration depth profiles, preservation of 
area is essential, and that this is achieved quite 
well by stripping under illumination controlled 
conditions. Despite the roughness of the final 
surfaces clearly shown in the photographs, the 
increase in area, following the removal of 10 #m, 
was only 3--4~ for typical material, as indicated 

by capacitance measurements, leading to an 
error in carrier concentration of 7-8~o, if not 
taken into account. Since an allowance could be 
made the error becomes insignificant for most 
purposes. Less than 1~  increase in area is 
expected from the side wall of the etched area. 
Analysis of the 'Talysurf' measurements suggests 
that the visible roughness accounts for very little 
of the remaining area increase (less than 0.1 
enhancement), since the scale of variations 
normal to the surface is much smaller than that 
of variations parallel to the surface; hence 
changes on a much finer, lateral scale may be 
responsible. The geometric nature of the undula- 
tions, the correlation of striated regions with 
increased doping level in one sample, and the 
relative uniformity of attack on dislocation-free 
material, all confirm that material inhomogenei- 
ties of one form or another play an important 
role. In particular, striation ridges, occurring 
during photo-etching of n-type gallium arsenide 
have been reported by Kuhn-Kuhnenfeld [6] as 
zones of higher carrier concentration. The same 
conclusion would follow from our earlier work 
[4], which showed that dissolution rates are 
slower where carrier concentration is higher (or 
minority carrier lifetime smaller), under similar 
potential and illumination conditions. Thus, 
although our measurements showed 50~ higher 
average carrier concentration in the regions of 
the high-doped specimen in which striations 
appeared, the maximum carrier concentration, 
corresponding to the ridges themselves, would 
have been even higher, indicating quite gross 
inhomogeneity of doping. 

The results of dissolution in the dark are of 
interest for several reasons. First, the capacitance 
measurements show that it is essential to avoid 
this stripping regime if accurate evaluation of 
carrier concentration is required. The effect of 
area enhancement results in grossly exaggerated 
estimates of carrier concentration, as is obvious 
from Figs. 4 and 5, because of the square law 
dependence on capacitance. Secondly, the 
combination of capacitance measurements with 
topographical studies of the attacked regions 
provides more clues as to their nature. Scanning 
electron microscopy shows that the features 
revealed by dissolution in the dark take the form 
of deep pits, usually containing stacks of fibres 
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which have apparently resulted from the collapse 
of the initial walls of the pits. The increased 
capacitance indicates that the total surface areas 
of all such regions can be many times greater 
than the initial geometric area of exposed surface, 
confirming a quite remarkable degree of struc- 
ture within the pits. In addition, the facts that 
the Schottky barrier law was well obeyed, and 
that no gross changes in contact potential 
(barrier height for zero current) occurred 
throughout the dissolution, are evidence that the 
surfaces revealed retain the characteristics of 
gallium arsenide material, and are not, for 
example, significantly decorated with some 
impurity. It remains possible that some of the 
increased capacitance could be due to a higher 
carrier concentration in the regions where 
pitting occurs. Since these regions are confined 
to small areas of the original surface, such an 
effect could help to explain why anomalously 
high dark currents can be drawn. The dark 
current is clearly associated with these regions, as 
it is only here that significant dissolution occurs 
in the dark, and current-voltage measurements 
show that this current increases, at a given 
potential, as the pits develop. High field induced 
breakdown would be expected to occur in regions 
of  higher carrier concentration at lower voltages 
than those associated with breakdown in the 
rest of the material. Although these regions 
would contribute little to the initially measured 
carrier concentration, their contribution would 
increase as the surface area of the pits increased. 
A closer investigation of this problem would 
benefit from an independent method of determin- 
ing surface area enhancement, and a detailed 
study of the current-voltage behaviour. How- 
ever it must not be overlooked that the role of 
crystalline defects, and not simply inhomogenei- 
ties of doping, have to be considered in the 
overall picture, although this aspect is beyond the 
scope of this paper. The topic is pursued in a 
another publication [7] in which more emphasis 
is placed on the topographical nature of the 
features revealed, and further evidence is 
presented. 

5. Conclusion 

It has been shown that electrochemical capacit- 

ance voltage measurements can be used to deter- 
mine accurate values of carrier concentration of 
gallium arsenide specimens, and that controlled 
dissolution under illumination permits measure- 
ments to be made at any required depth beneath 
the original surface. Capacitance measurements 
are shown to provide a useful tool in the investi- 
gation of features revealed by different modes of 
electrochemical etching. 
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(a) (b) 

Fig. 9. Inhomogeneity of sample A demonstrated (a) by an overall view of the slice, showing variations in the 
density of striations developed by electrochemical dissolution, and (b) by a view of area III which contrasts with 
area I (Fig. 8a) obtained under identical dissolution conditions. 

(a) (b) 
Fig. 10. Scanning electron micrographs showing detailed structure of the deep pits formed by dissolution in the dark 
of sample A, area IV. 
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