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The mechanism of GaAs sulfidation under illumination and potentiodynamic polarization was 

investigated in acidified thiourea (TU) electrolytes. Sulfidation generated smooth surfaces, as revealed 

by scanning electron microscopy and atomic force microscopy images; but analysis by inductively 

coupled plasma – mass spectroscopy (ICP-MS) of spent electrolytes showed that this was in part due to 

GaAs dissolution. The initial step in sulfidation occurred through formation of elemental arsenic which 

then reacted with TU and forms As(III) sulfide, which was subsequently oxidized into As(V) sulfide 

and finally to arsenic sulfate. X- Ray photoelectron spectroscopy (XPS) demonstrated the initial 

formation of elemental As (XPS peak at 42 eV of As – As bond). XPS also showed three S 2p 

doublets at 162.4 eV which were assigned to (As(III) – S), 164.4 eV for (As(V) – S) and 169.1 eV for 

(S – O). The intensity of the XPS peak due to As(V) – S (S 2p at 164.4 eV) increased with prolonged 

exposure to sulfidation by the electrolyte, indicating the oxidation of As(III) into As(V) sulfide. 

Furthermore, the intensity of the S – O bond (S 2p at 169.1 eV) decreased with time, presumably due 

to arsenic sulfate dissolution. Both XPS and ICP-MS studies revealed that arsenic species were 

preferentially segregated on the surface but Ga ions diffused towards the electrode bulk. 

 

 

Keywords: GaAs, Arsenic sulfide, X- Ray photoelectron spectroscopy, Atomic force microscopy, 

Corrosion inhibition. 

 

 

1. INTRODUCTION 

GaAs surface passivation is an important objective for application in fabricating electronic 

devices. This passivation has been achieved by various methods, including formation of thin surface 

layers of either sulfide [1, 2], selenide [3 – 5] or noble metals [6 – 8]. These have been incorporated 

on the GaAs surface by diverse methods, including electroless [10], electrochemical [11, 12], 
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photochemical [13] and gas phase deposition processes [14]. Sulfidation of GaAs is of particular 

interest for corrosion inhibition [1, 2, 9 – 11]; and various sulfur-containing compounds have been 

investigated for this application, including sodium sulfide [1, 10, 11], ammonium sulfide [14 – 16], 

sulfur chloride [17], thiols [18] and other complex organic compounds [19, 20]. The formation of 

sulfides during aqueous electrochemical deposition is accompanied by the formation of oxide species 

[21]. Usually, this oxidation is not uniform and a variety of different oxide species are formed on the 

GaAs surface [22 – 24].   

In past work, we reported that the electrochemical behavior of n-GaAs in acidified thiourea 

electrolytes resulted in the formation of an As-sulfide surface [25]. The aim of the present research is 

to gain more insight into the mechanism of GaAs sulfidation. 

 

 

 

2. EXPERIMENTAL 

2.1. Electrode preparation 

Silicon-doped n-GaAs wafers with a doping density of 2x10
16 

cm
-3 

were purchased from 

MCP Ltd. The wafers were attached to an aluminum holder (a cylinder of 10 mm diameter and 2 mm 

thickness) using silver epoxy to establish electrical contact. The aluminum holder was then 

threaded into a 12-cm long, 2.5 mm diameter aluminum rod which served both as a support for the 

working electrode and as a current lead.  The exposed surface area of GaAs to the electrolyte was 

19.6 mm
2
. The aluminum holder and the part of the aluminum rod that was exposed to electrolyte 

were insulated by covering them in a paraffin film, which was in turn covered with a layer of 

araldite. After carrying out electrochemical measurements on the GaAs sample, the GaAs sample was 

removed for Atomic Force Microscopy (AFM), Scanning Electron Microscope (SEM) and X- Ray 

photoelectron Spectroscopy (XPS) investigations. Using this arrangement there was no need for 

physical contact with the GaAs sample following the electrochemical cycles, prior to AFM, SEM and 

XPS measurements. 

 

2.2. Electrochemical deposition of sulfide film 

The electrochemical measurements on freshly etched samples were carried out in a three-

electrode electrochemical cell with GaAs serving as the working electrode, Ag/AgCl as the reference 

electrode and a Pt wire as the counter electrode. The GaAs electrode was cleaned by etching in a 

mixture of 30% H2O2, 6 M H2SO4 and H2O (1:1:1 volume) for 5 min.  The electrode was illuminated 

by a 150 W xenon arc lamp.  Light was filtered from UV and IR by 420 nm and water cut-off filters. 

T h e  l ight intensity was measured using an Eppley thermopile. Arsenic  sulfide  was  deposited  

electrochemically  under  illumination  with  light  intensity of  25  mW cm
-2

, in  electrolytic  

mixtures of thiourea ( TU)  and  H2SO4  of  various concentrations. The GaAs electrodes were 

subjected to continuous scanning from -1 to +1 V vs. Ag/AgCl at a scan rate of 20 mV s
–1

.  All 

reagents were analytical grade.  All potentials were measured versus Ag/AgCl. 
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2.3. Electrochemical oxidation of GaAs 

Oxidation of the sample was carried out in a 10% H2O2 solution, acidified with 0.1 M 

H2SO4. As with sulfidation, oxidation was also carried out under potentiodynamic control with 

constant illumination. 

 

2.4. Scanning electron microscopy SEM: 

The surface microstructure and morphology were studied using a JEOL 840A SEM. The SEM 

accelerating voltage was 1,000 volts to 40,000 volts with an increment of 1,000 volts. 

 

2.5. Atomic force microscopy (AFM): 

GaAs surface topography was investigated using an atomic force microscope to determine the 

effect of electrochemical treatment on surface roughness. A MFP3D Asylum research 6310 AFM 

was used for this study. The AFM was operated in contact mode in air at room temperature. It was 

operated in the low-voltage mode to minimize electronic noise, with a contact force (between 

cantilever and sample) of approximately 10
–9

 

N.  A 5 μm scan width was used to obtain the images. 

The probes were made of non-conductive silicon nitride with a nominal cantilever spring constant of 

0.01 N/m. SEM images were taken before and after the AFM investigation. These images did not show 

significant scratching on the GaAs samples due to contacting with the AFM silicon nitride probe. The 

variation in surface roughness of the samples is visualized in height images showing as bright and 

dark regions on the surface, representing peaks and valleys respectively. Surface roughness and 

standard deviation values of the samples were obtained and analyzed. 

 

2.6. Analysis of dissolved As and Ga ions 

The  amounts  of  dissolved  arsenic  and  gallium  ions  in  the  spent  electrolytes  were 

determined quantitatively by inductively coupled plasma-mass spectrometry (ICP-MS) (Agilent, 

7500Ce), which utilized an octapole ion guide enclosed in a collision/reaction cell. 

 

2.7. X-ray photo-electron spectroscopy (XPS) 

All XPS spectra were taken on a Kratos Axis-Ultra DLD spectrometer. The X-ray analysis 

area for these acquisitions was approximately 300x700 µm. Monochromatic Al Ka X-rays (1486.6 

eV) were used as the excitation source and a pressure of 6.5x10
-7 

Pa was maintained in the 

spectrometer chamber. An accelerating voltage of 15 kV and an anode current of 15 mA were 

employed during analyses. The spectrometer pass energy for survey spectra (to calculate 

composition) was 80 eV and the pass energy for high resolution scans was 20 eV. The take-off 
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angle (the angle between the sample normal and the input axis of the energy analyzer) was 0º, and the 

input lens was operated in hybrid mode (0º take-off angle 100 Å sampling depth).  

Casa  XPS  analysis  software  was  used  to  determine  peak  areas,  to  calculate  the 

elemental compositions from peak areas above a linear background, and to peak fit the high 

resolution spectra.  The binding energy scales for the high-resolution spectra were calibrated by 

assigning the most intense C1s high-resolution peak a binding energy of 285.0 eV.  Peak fits of 

S2p, Ga3d, and As3d doublets were constrained so that the (3/2, 1/2) and (5/2, 3/2) doublet peaks 

had the same full width at half maximum (FWHM). Three spots were analyzed on each sample. 

Analysis of the samples included survey spectra of all three spots, and high resolution spectra 

from one spot.  High resolution spectra were obtained for the C1s, S2p, Ga3d and As3d peaks. 

Samples were cleaned by rinsing for few minutes in acetone followed by methanol. All sample 

handling was done with tools that were twice cleaned by solvents; the solvents were HPLC-grade. For 

surface cleaning, before carrying out XPS experiments, all samples were sputtered for 10 minutes by 

Ar ions.  Some samples were sputtered for longer times to do the XPS depth profiling investigation. 

Sputter-etching was performed with a Kratos ion gun using 5keV argon ions electronically rastered 

over a 2x2 mm area. The gun was operated in the beam monitor current controlled mode, with a 

monitor current of 159 nA. 

 

 

 

3. RESULTS & DISCUSSION  

3.1. Scanning electron microscopy and atomic force microscopy: 

GaAs surface morphology was investigated by SEM and AFM after treatment in 0.8 M TU 

electrolytes acidified w i t h  H2SO4 in concentrations varying from 0.1 M to 0.5 M.  In all cases, it 

was observed that exposure of GaAs electrodes to TU solution acidified by high H2SO4 

concentrations resulted in the formation of smooth surfaces, which may be attributed to corrosion 

inhibition. Lower H2SO4 concentrations resulted in rougher surfaces. Examples of SEM and AFM 

micrographs after exposure to TU electrolyte in two different H2SO4 concentrations are shown in 

Fig. 1 and 2, respectively. It was observed that exposure to a high concentration of H2SO4 formed 

a shiny golden layer of As-sulfide [25]. The SEM micrographs (Fig. 1) clearly show the effect of 

acid concentration on surface smoothness: in 0.5M H2SO4 the surface is obviously smoother than in 

0.1 M solution. This is further quantified by the AFM results. Fig. 2 displays the AFM 2D topography 

images and roughness surface analysis of sulfidized GaAs in a mixture of 0.8 M TU acidified by 0.5 M 

H2SO4 (Fig. 2a) and 0.1 M H2SO4 (Fig. 2b). The mean surface roughness parameter (Ra) and average 

standard deviation values for these samples are presented in Table 1. The images clearly reveal the 

smoother surface generated at higher acid concentration. The average surface roughness of GaAs 

decreased from 100.1 nm in 0.1 M H2SO4 to 34.8 nm when generated in 0.5 M H2SO4. This large 

variation in surface roughness observed between GaAs samples is similar to the results obtained by 

SEM. The decrease in the Ra value also is a clear indication of the smoother surface obtained at higher 

acid concentration.  
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Table 1. Effect of H2SO4 concentration on surface roughness: Atomic force microscopy results: 

 

Samples Mean surface roughness (Ra) Standard deviation (SD) 

Sample 1
a)

 34.805 nm  10.117 nm 

Sample 2
b)

 100.117 nm 19.037 nm 

GaAs was  sulfidized under potentiodynamic scanning for 25 scans from – 1 to + 1 V at 20 mV s
-1 

under illumination by light of intensity 25 mW cm
-2 

in a mixture of 0.8 M TU (a) 0.5 M H2SO4 
and (b) 0.1 M H2SO4. 

 

Another important indication of corrosion inhibition due to sulfidation in higher H2SO4 acid 

concentrations can be deduced from the ICP-MS results shown in Fig. 3. This figure also shows 

preferential arsenic dissolution at all acid concentrations. 

 

 
 

Figure 1. Scanning electron micrographs of GaAs after potentiodynamic scanning for 25 scans from – 

1 to + 1 V at 20 mV s
-1 

under illumination by light of intensity 25 mW cm
-2

. The electrolytes 

were made of 0.8 M TU mixed with: a) 0.5 M H2SO4 and b) 0.1 M H2SO4. 

 

The formation of surface sulfide at higher acid concentrations could be accounted for by two 

effects: 1) the stripping oxide layers from the GaAs surface prior to sulfide deposition, as reported 

earlier [21, 22], and 2) protonation of the TU molecules in accordance to following equation [26 – 28]:  

(1)  
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This reaction has a pK value of -1.44 at 298 K [27], with K being the protonation constant. 

Accordingly,  at  higher  acid  concentration,  because  of  protonation of the  TU  amine  groups, 

adsorption on the GaAs surface via TU nitrogen atoms is not favored. Thus, TU adsorption is 

expected to occur via the sulfur atoms on the GaAs surface. The following mechanism for the 

adsorption and electro-oxidation of TU on GaAs surface is therefore proposed: 

 

 

 

 

 

  

 4                

Reaction (2) corresponds to the initial photoelectrochemical oxidation of GaAs, forming 

elemental surface arsenic.  

 

 
Figure 2. 2D atomic force microscopy topography images of GaAs sulfidized under potentiodynamic 

scanning for 25 scans from – 1 to + 1 V at 20 mV s
-1 

under illumination by light of intensity 25 

mW cm
-2 

in a mixture of 0.8 M TU   (a) 0.5 M H2SO4, and (b) 0.1 M H2SO4).  
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Figure 3. Results of inductively coupled plasma – mass spectroscopy analysis of spent electrolytes; the 

electrode was scanned 50 times under illumination in an electrolyte made of: a) 0.8 M TU 

acidified by H2SO4 of various concentrations. 

 

Reaction (3) is the photoelectrochemical - oxidation of thiourea adsorbate yielding the radical 

ion through a single electron transfer. Reaction (4) represents the fast formation of formamidine 

disulphide on the GaAs surface. Reaction (5) represents the aqueous hydrolysis of formamidine 

disulphide into an arsenic sulfide intermediate,  and urea. This intermediate is the sulfur 

supplying component of the GaAs sulfidation process. Reaction (6) corresponds to the 

photoelectrochemical oxidation of the intermediate  to As(III)sulfide. Reaction (7) is the 

subsequent photoelectrochemical oxidation of As(III)sulfide into As(V)sulfide. Finally, reaction (8) 

corresponds to the photoelectrochemical oxidation of As(III)sulfide into As(III)sulfate. It is unlikely 

to from As(V)sulfate as this compound might not exist but As(V)sulfide and As(III)sulfate are known 

arsenic compounds [29, 30]. 

The above proposed mechanism is supported by the experimental results as presented in the 

discussion below. 

 

3.2. XPS analysis 

Table 2. Surface Chemical Bonding 

 

GaAs Peak corrected BE, eV Assignment FWHM % of 
element  U

n
treated

 

C 1s 
Ga 3d5/2 

Ga 3d5/2 

As 3d5/2 

As 3d5/2 

285.0 
18.9 

20.0 

41.5 

44.5 

C-C,H 
Ga-As 

Ga-O  

As-Ga 

As-O 

1.0 
0.7 

1.0 

0.8 

1.8 

100.0 
71.7 

28.3 

80.9 

19.1    S
u
lfu

ric acid
 

C 1s 
Ga 3d5/2 

Ga 3d5/2 

As 3d5/2 

As 3d5/2 

285.0 
18.9 

20.0 

40.8 

43.9 

C-C,H 
Ga-As 

Ga-O  

As-Ga 

As-O 

1.0 
0.6 

1.0 

1.6 

2.3 

100.0 
 67.7 

32.3 

60.2 

39.8 
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h
o
rt tim

e su
lfid

ized
 

C 1s 
C 1s 

C 1s 

S 2p3/2 

S 2p3/2 

S 2p3/2 

As 3d5/2 

As 3d5/2 

285.0 
288.3 

285.7 

162.4 

169.1 

164.3 

41.8 

42.6 

C-C,H 
C=O  

C-N 

Sulfide-"As(III)"                    

S-O 

Sulfide-"As(V)"                 

As-As 

As-S 

1.2 
1.6 

1.2 

1.2 

1.4 

1.2 

0.8 

0.8 

49.4 
32.4 

18.2 

40.8 

46.7 

12.5 

49.2 

50.8  L
o
n
g
 tim

e su
lfid

ized
 

C 1s 
C 1s 

C 1s 

S 2p3/2 

S 2p3/2 

S 2p3/2 

As 3d5/2 

As 3d5/2 

285.0 
288.4 

286.2 

162.3 

168.6 

163.7 

42.0 

42.5 

C-C,H 
C=O C- 

N 

Sulfide-"As(III)"  

S-O 

Sulfide-"As(V)" 

As-As 

As-S 

1.4 
1.4 

1.4 

1.0 

1.2 

1.4 

1.1 

1.1 

49.9 
28.1 

22.0 

46.3 

18.2 

35.5 

66.6 

33.4  O
x
id

ized
 

C 1s 
As 3d5/2 

Ga 3d5/2 

285.0 
45.2 

20.1 

C-C,H 
As-O 

Ga-O 

1.8 
1.8 

1.0 

Nd 
100 

100 

 

 
Figure 4. The detailed x-ray photoelectron spectra of  a: (solid lines) fresh GaAs sample, b: (medium 

dashed lines) Sulfidized GaAs sample: sulfidation was made under potentiodynamic scanning 

for 150 scans from – 1 to + 1 V at 20 mV s
-1 

under illumination by light of intensity 25 mW 

cm
-2

. The sulfidation path was composed of 0.8 MTU and 0.5 M H2SO4 and c: (dotted lines) 

Sample (b) was sputtered for 40 min. B. E. is the binding energy and AV is arbitrary values for 

the peak intensities. 
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XPS and high resolution XPS were used to characterize the surface composition and quantify 

the surface chemical bonding on different GaAs samples during sulfidation. Examples of XPS spectra 

are shown in Fig. 4 for a fresh, sulfidized and long-time sputtered GaAs samples.  An example of high 

resolution XPS spectra for a sulfidized GaAs sample is also presented in Fig. 5. The bonds on 

sulfidized surfaces were composed of As – S, As – As, and S – O as well as some surface carbon 

bonds. From the data in Table 2, the oxidized GaAs sample exhibited only one As 3d doublet. All 

other samples had two As 3d doublets.  The first doublet of the fresh and sulfuric acid treated 

GaAs appeared at 41.5 (As3d5/2); this is the normal binding energy value characterizing As – Ga 

bond [21, 31 – 34]. The second doublet at 44.5 eV is assigned as the As 2p3/2 line consisting 

mostly of oxide components with the core level chemical shifts of 3 eV corresponding to As2O3 [21 – 

24]. The As 3d doublets for both sulfidized samples appeared in the range from ~ 41.5 eV to ~ 42.5 

eV, likely represent As – Ga (41. eV), As – As (42 eV) and As(III) – S 42.5 eV [35 - 37]. The 

formation of the As – As bonding on the sulfidized samples, in the meantime, and  the disappearance 

of the As – Ga bonding as seen from Table 2, are due to the generation of elemental As on the surface 

from the photoelectrochemical dissociation of GaAs as proposed in step 2 of the proposed reaction 

mechanism.  

 

 
 

Figure 5. X-ray photoelectron spectroscopy high resolution peak fits of sulfidized GaAs sample: 

sulfidation was made under potentiodynamic scanning for 150 scans from -1 to+ 1 V at 

20 mV s
-1 under illumination by light of intensity 25 mW cm

-2  
The sulfidation b a t h  was 

composed of 0.8 MTU and 0.5 M H2SO4. 

 

Table 2 shows that long-time sulfidation resulted in further surface oxidation as implied from 

the formation of a high concentration of oxidized species like sulfide-As(III), sulfide-As(V) and As-As 

bonding. This Table also shows that the two sulfidized samples had two C 1s peaks at 288 and 285.7 

eV which were  assigned to the C=O and C-N bonds, respectively [38, 39]. The appearance of the 

C=O and C-N peaks was due to the adsorption of urea on the GaAs surface which was formed due to 

the dissociation of TU as suggested in step 5 of the above mechanism. Furthermore, the two sulfidized 

samples also exhibited strong S 2p peaks with three doublets. The three S 2p doubles appeared 

clearer in the high resolution spectra of Fig. 5. The first two doubles extended from 162.4 to 
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164.4; both were assigned to sulfur bonded to metals (As and/ or Ga) [31 – 34].  The spectral line 

appeared at 162.4 and 164.4 eV, consistent with S in the form of sulfide (S
-2

), with one assigned 

to bonding to the trivalent As/ and or Ga (162.4 eV) and the other to the pentavalent As/ and or Ga 

(164.4 eV) [31 – 34]; supportive of steps 6 and 7 in the above mechanism. The third doublet at 169.1 

eV was consistent with S
+6 

bonding, most probably SO4
-2

 [34]; agreeing with step 8 of the proposed 

mechanism. Sulfate ions were formed due to the oxidation of sulfide ions during GaAs sulfidation. In 

order to exclude the possibility of interference between sulfates originated from sulfide oxidation and 

residual sulfate from electrolytes, an XPS spectrum for a GaAs sample treated only in 0.5 M H2SO4 

was taken; its result is presented in Table 2.  It is clear from this Table that sulfate formation is only 

associated with sulfidized GaAs samples, excluding the possibility of interference with residual sulfate 

from electrolytes. 

The oxidation of sulfide to sulfate is an important result of this research. This 

oxidation step pumped out eight photogenerated holes from the GaAs surface, thereby partially 

inhibited GaAs corrosion.  

Although XPS Ga peaks were clearly observed for the three electrodes that were not 

sulfidized, Table 2, no Ga peaks were found for the two sulfidized GaAs samples (notice the 

disappearance of the dotted line in the Ga spectra of Fig. 4). Moreover, the ICP-MS results in Fig. 3 

consistently showed preferential dissolution of As ions.  As seen in Table 2 the fresh GaAs had 

approximately equal surface As and Ga compositions. This pointed at the possibility that Ga ions 

diffused inward towards the bulk, while As atoms diffused outward towards the surface. Ga ion 

diffusion is expected to be very slow, but may be enhanced under the sulfidation experimental 

conditions. Indeed, the depth profiling experiments by prolonged Ar ions sputtering, which were 

carried out to test for As and Ga composition in deeper layers underneath the surface, strongly 

indicate that the Ga ions diffused towards the electrode bulk, Table 3.  

 

Table 3. Atomic percentage of surface composition after different sputtering periods 

 

Sputter time, min C 1s N 1s O 1s S 2p As 3p Ga 3d 

10 39.3 18.4 24.5 14.4 3.4 nd 

20 20.1 16.7 35.1 19.1 7.3 1.7 

40 15.1 11.9 39.5 21.5 9.2 2.9 

 

It was also noticed that after sputtering both As and Ga peaks were shifted towards higher 

binding energy values (notice the after sputtering As and Ga spectral lines of Fig. 4). Only one As 3d 

XPS peak could be seen at ~44.5 eV which was due to As – O bonds. Other peaks due to As – As, 

As – Ga, and As – S, were disappeared due to sputtering. This clearly indicates that sulfides were 

sputtered off the surface and left the surface covered with oxides. The formation of oxides 

underneath the surface indicates that the sulfide layer formed during the electrochemical sulfidation 
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was porous and did not prevent the aqueous electrolyte to penetrate and oxidize the bulk of the 

electrode. Deeper underneath the surface region where Ga became detectable after prolonged Ar ion 

sputtering, the Ga 3s (158 eV) peak was noticed to overlap with the S 2p (164 eV) peak.  In order to 

adjust for this peak overlap, the area of the peak envelope as measured was assumed to be the sum of 

the areas of the overlapping peaks.  The contributions from the Ga 3s and Ga 3p peaks were 

calculated by multiplying the measured area of the Ga 3d peak by the ratio of the relative sensitivity 

factors RSFGa 3s/RSFGa  3d and RSFGa 3p/RSFGa 3d.  These contributions were then subtracted 

from the measured S 2p region area, and the difference was used as the accurate S 2p peak area 

listed in Table 3. 

 

 

 

Figure 6. Current- voltage scans of GaAs after 50 scans at a rate of 20 mV s
-1 

in the dark and 

under illumination by 25mW cm
-2 in 0.5 M H2SO4 and 0.8 M TU. 

 

The oxidation of sulfide ions on GaAs surface has been further evidenced from the (I – E) 

curves presented in Fig. 6.  Usually, the anodic photocurrents generated due to illuminating n-GaAs 

reach limiting values that depend solely on light intensity. However, for acidified TU electrolytes, 

after reaching an initial limiting value  the photocurrent increased significantly at potentials 

more positive than 0.8 V. This increase was slight in the dark and pronounced under illumination as 

shown in Fig. 6. The observed increase in the anodic dark and photocurrents were higher after 

prolonged sulfidation due to the oxidation of the As-sulfide layer, which supports the above XPS 

results. It is thus expected that the oxidation of sulfide ions on GaAs surface pumped out some of 

the photogenerated holes from the surface. These positively charged carriers would have oxidized 

GaAs, and therefore we can conclude that oxidation of sulfides to sulfate suppressed GaAs oxidation. 

 

 

4. CONCLUSIONS 

Treatment of GaAs under illumination and potentiodynamic conditions in acidified TU 

electrolytes resulted in the formation of a smooth layer of As sulfide. Upon GaAs sulfidation, several 
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oxidation species such as As
0
, As

+3
, As

+5
, S

-2
 and S

+6
 species were detected. The S

+6
 species ion was 

bound to oxygen, forming sulfate ions. The oxidation of S
-2

 to S
+6

 consumed eight photogenerated 

holes, and therefore competed with GaAs oxidation, resulting in a lower corrosion rate.  
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