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a b s t r a c t 

Factors determining etching and passivation of n-type InP in H 2 SO 4 and HCl solution and the correspond- 

ing surface chemistry are considered. Passivation is favoured by higher light intensity and lower proton 

and Cl − ion concentration. Ex-situ surface analysis shows the passive (bi)layer to consist mainly of oxide- 

based In 3 + and P 5 + components: InPO 4 and In(PO 3 ) 3 . Hydrodynamics is found to play a decisive and 

surprizing role in determining the kinetics of the surface reactions. Oxygen-bridge formation between 

surface In and P atoms, as a result of deprotonation of a P-OH reaction intermediate, is considered to be 

important in determining competition between the two reaction paths: etching and passivation. These 

results are compared with markedly contrasting results for n-type GaAs under similar experimental con- 

ditions. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Exciting developments in device technology have resulted in

n upsurge of interest in III-V compound semiconductors such

s InP and GaAs. These comprise improved fabrication techniques

f nanowire/pillar arrays for photoelectrochemical energy conver-

ion [ 1 , 2 ], phototransistors [3] , flexible electronic devices [ 4 , 5 ], epi-

axial integration on Si-based platform wafers enabling high vol-

me manufacturing of CMOS transistors [6–9] and fully integrated

hotonic ICs, including laser and amplifier devices [10–14] . Var-

ous aspects of these technologies rely on high-quality etching

f the semiconductor and an adequate understanding of the sur-

ace chemistry involved in the process. The ever-decreasing size

f device structures requires ultimately atomic-layer-scale control

f surfaces in terms of etching selectivity, stoichiometry and mor-

hology [ 15 , 16 ]. 

In recent work we reported on the nanoscale wet-chemical

tching of InP and GaAs in acidic solutions containing H 2 O 2 as oxi-

izing agent [17] . The results indicate that the nature of the surface

xide determines a striking difference in the etching kinetics of the
∗ Corresponding author. 
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wo semiconductors. While GaAs shows a high chemical reactiv-

ty, the etch rate of InP is much lower, due to the formation of a

hin stoichiometric passivating oxide. On the other hand, a strongly

on-stoichiometric porous (hydr)oxide is formed on GaAs. We con-

ider the critical factor governing the surface chemistry, and thus

he etching properties, to be the ease with which an oxygen bridge

an be formed between the group III and group V atoms when the

urface bond is broken. 

The marked contrast observed in the results of chemical etching

f InP and GaAs has led us to reconsider electrochemical etching of

he two semiconductors. Anodic oxidation of GaAs and its appli-

ations have received wide attention [18–21] . Fundamental studies

f anodic oxidation of InP are fewer [22–24] . The electrochemical

pproach has been used successfully for (nano)porous etching of

nP [25–29] and for studies of oxide growth [30–34] . In this pa-

er we describe the results of a study of photoanodic oxidation

nd dissolution of n-type InP and, for comparison, n-type GaAs

n H 2 SO 4 and HCl solution. The basic electrochemistry was inves-

igated by cyclic voltammetry and potential-step measurements.

urface analysis techniques (XPS, ToF-ERDA) provided useful infor-

ation on the nature of the surface oxides. The important role of

ydrodynamics was studied by using a rotating disk electrode and

y cyclic voltammetry at variable potential-scan rate. The results

eveal an interesting interplay of the experimental variables (pho-

https://doi.org/10.1016/j.electacta.2020.136872
http://www.ScienceDirect.com
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2020.136872&domain=pdf
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ton flux, pH, Cl − ion concentration and, in particular, hydrodynam-

ics) that determines the mechanism and kinetics of anodic oxida-

tion of InP. These results are contrasted with the markedly differ-

ent results obtained with GaAs, and possible mechanisms of etch-

ing and passivation are discussed. Finally, trends observed in the

two forms of etching, chemical and electrochemical, are compared.

2. Experimental 

InP and GaAs (2 inch) substrates were obtained from AXT Inc.

The n-type wafers had a (100) orientation and a carrier concen-

tration in the range of 5–10E + 16 cm 

−3 . The dopant density of

the p-type InP (111)-B wafers was 3–7E + 17 cm 

−3 . Chemicals were

purchased from Sigma Aldrich and were of p.a. quality: 37% HCl

(12.0 M), 96% H 2 SO 4 (18.0 M) and 30% H 2 O 2 (9.7 M). Prior to first

use, wafers were cleaned in 1 M HCl/0.25 M H 2 O 2 (InP) and 0.01 M

HCl/0.005 M H 2 O 2 (GaAs) for 5 min followed by ultra-pure wa-

ter rinsing. All experiments were conducted in a cleanroom envi-

ronment under controlled temperature (22 ± 1 °C) and relative hu-

midity (40 ± 10%). 

Ohmic contacts were provided on the n-type samples by de-

positing Ni/Au (10 0/20 0 nm) on the unpolished back side, followed

by rapid thermal annealing (RTA) at 340 °C for 20 min in a N 2 -

controlled chamber. For the p-type samples an Au:Zn/Au layer was

used instead. Prior to metal deposition, the native oxide was re-

moved by immersing the sample in 2 M HCl for 5 min followed by

N 2 drying. 

Electrochemical measurements were performed in a conven-

tional three-electrode cell with a platinum counter electrode and

saturated calomel electrode (SCE) as a reference. All potentials are

reported with respect to SCE. Samples were mounted as a rotat-

ing disk electrode (RDE). The sample holder was equipped with a

Kalrez O-ring to prevent leakage of electrolyte solution and to de-

fine a geometric area of 0.95 cm 

2 . The measurements were con-

ducted at room temperature using a potentiostat (Princeton Ap-

plied Research, PARSTAT 40 0 0) computer-controlled by VersaStu-

dio software. Unless otherwise stated, the current-density poten-

tial (j-U) plots were recorded at a constant scan rate of 10 mV/s

from negative to positive potential and back. The n-type electrodes

were illuminated using a 150 Watt cold light source (Schott KL

1500). The light intensity was varied with neutral density filters

(Edmund Optics). The maximum light intensity (100%) was in all

experiments chosen to give an arbitrary limiting photocurrent den-

sity of approximately 6 mA/cm 

2 under oxide-free conditions. When

surface passivation was indicated by the j-U scan, the electrode

was cleaned after each scan in 2 M HCl to prevent memory effects.

A low HCl concentration was chosen to avoid the risk of chemical

etching of InP by HCl [20] . A short H 2 O rinse was subsequently ap-

plied. For each j-U plot, a minimum of three single potential scans

were recorded to ensure reproducibility. For the potential-step ex-

periments, the electrode was illuminated prior to and during the

measurement. 

Dissolution valence was determined by measuring the total

charge by chronoamperometry and the etched volume by optical

profilometry (WYKO NT3300). 

Surface composition was studied by XPS. After etching, samples

were rinsed for 30 s in ultra-pure water containing ~50 ppb of dis-

solved O 2 . After N 2 blow-drying, the samples were transported in

an N 2 atmosphere to the XPS set-up. The total “air exposure” was

kept to less than 10 min. The measurements were carried out in

Angle Resolved mode using a Theta300 system from Thermo In-

struments. 16 spectra were recorded at exit angles between 22 and

78 °, as measured from the normal of the sample. The integrated

spectra shown in the figures are the summed intensities of 16

spectra measured at angles from 21 to 78 °, allowing for higher in-
ensity peaks and hence more confidence in the fitting parameters.

 monochromatized Al K α X-ray source (1486.6 eV) was used with

 spot size of 400 μm. The XPS core- level spectra were fitted with

vantage software using Smart background correction, the same

elative constraints for elements and oxides and fixed FWHM fit-

ing parameters were used. Standard sensitivity factors were used

o convert peak areas to atomic concentrations. 

Time-of-flight elastic recoil detection analysis (ToF-ERDA) was

sed for oxygen quantification. After etching, the samples were

 2 blow-dried and transported and loaded within 10 min in the

xperimental vacuum setup. ToF-ERDA measurements were per-

ormed at imec using a 6SDH tandem accelerator with a maximum

erminal voltage of 2.0 MV from National Electrostatics Corpora-

ion, Middleton (WI), U.S.A [35] . The impinging ion beam was ei-

her 8 MeV 

35 Cl 4 + or 10 MeV 

63 Cu 

5 + used for these measurements.

he respective incidence angle of the beam was 20 ° and 14.7 ° from

razing incidence with the ToF detector scattering angle at 40 ° The

ignal from recoil oxygen is well separated in the spectrum and

asily measured. Either the signal from 

35 Cl 4 + ions scattered on

he heavy element (In) or the signal from recoiled phosphorus ions

as used to determine the incident ion fluence. Integrated yield of

he oxygen signal from the spectra and estimated ion fluence were

sed to quantify the areal densities of oxygen. 

. Results 

Most of the experiments in this study were performed with

-type InP and GaAs under supra-bandgap illumination. This al-

owed us to regulate easily the density of active charge carriers

valence band holes). Three experimental approaches were used.

yclic voltammetry revealed the general features of the kinetics

f photoanodic etching of n-type InP in HCl and H 2 SO 4 solutions.

hese results indicated the importance of a blocking layer that

as studied with ex-situ surface analysis techniques (XPS and ToF-

RDA). The important role of hydrodynamics in determining the ki-

etics of oxidation was investigated with an InP rotating disk elec-

rode (RDE) in potentiodynamic and potential-step experiments

nd in experiments in which the potential scan rate of a station-

ry electrode was varied. These results for InP are contrasted with

esults of cyclic voltammetric measurements performed on n-type

aAs under similar experimental conditions. In addition, for com-

arison some experiments were carried out with unilluminated p-

ype InP in H 2 SO 4 solution. 

.1. Cyclic voltammetry 

The photocurrent-potential characteristics of a stationary n-type

nP electrode, measured in 1 M HCl solution, are shown in Fig. 1 (a)

or a range of relative light intensities (0–100%). Simple band-

nergy diagrams relevant for the different potential ranges are in-

icated in the figure. At negative potential, corresponding to weak

and bending at the surface, photogenerated charge carriers (va-

ence band holes) recombine with majority carriers (conduction

and electrons), either directly or via bandgap states in the bulk

nd at the interface. As a result, no photocurrent is observed (range

). As the potential is made more positive, band bending at the

nterface increases, leading to spatial separation of electrons and

oles. The electric field of the space-charge layer drives holes to

he solid/solution interface where they cause oxidation and disso-

ution of the semiconductor. This results in an anodic photocurrent

n the external circuit (range II). Recombination decreases until fi-

ally, at more positive potential, all photogenerated holes take part

n the surface reaction and the photocurrent becomes independent

f applied potential (range III). This limiting photocurrent j L is di-

ectly proportional to the light intensity φ (see Fig. 1 c). These re-
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Fig. 1. Current density-potential (j-U) plots for a stationary n-type InP electrode illuminated at various relative light intensities ( �) in (a) 1 M HCl and (b) 1 M H 2 SO 4 
solution. Fig. 1 (c) shows the limiting plateau photocurrent j L for 1 M HCl as a function of �. Schematic band-energy diagrams for the three relevant anodic regions are 

indicated in the figure. 
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ults are similar to those found for n-type GaAs in 1 M HCl solu-

ion ( Fig. 2 (a)). 

From the literature it is known that six elementary charge car-

iers are required for anodic dissolution of one formula-unit of InP

n acidic solution [ 20 , 22 , 36 , 37 ], the same also holds for GaAs [ 19–

1 , 35 ], GaSb [38] and GaP[39]. We confirmed this result for n-type

nP in 1 M HCl by determining the volume of the semiconductor

issolved for a given charge passed at 0.0 V (in the rising part of

he photocurrent-potential curve) and at + 1.0 V (in the limiting

hotocurrent range). In both cases we found that 6.0 ± 0.1 holes

re indeed required to dissolve one formula-unit of the semicon-

uctor. The oxidation reaction can be described by 

nP + 3H 2 O + 6h 

+ → In 

3 + + H 3 PO 3 + 3H 

+ (1)

he reaction products are the In 

3 + cation and phosphorous acid

H 3 PO 3 i.e., P(OH) 3 ). In solution the latter converts to a more sta-

le diprotic form of the acid, HPO(OH) 2 [40] . In 1 M HCl the In 

3 + 

ation will likely be complexed by chloride ions [ 41 , 42 ]. 

At low values of the photon flux, electron injection into the

onduction band from intermediates of the anodic reaction may

ncrease the quantum efficiency from 1 to 2 (three photons, in-

tead of six, are required to dissolve one formula unit of InP) [36] .

his might be the case for the lowest light intensities used in the

resent work, a point that will be considered in the discussion ses-

ion. 

Fig. 1 (b) shows that the nature of the acid is important in deter-

ining the surface chemistry of InP. For 1 M H 2 SO 4 solution at a

elative light intensity of 50% and lower, the photocurrent-potential

urve is similar to that measured for 1 M HCl at the same light

ntensity. For the 2 higher light intensities (79% and 100%) the ex-

ected limiting current is again reached at positive potential. How-

ver, a peak appears in the forward scan. The peak is more pro-

s

ounced at the higher light intensity (100%). In both cases a clear

ysteresis is observed in the return scan to negative potential, in

ontrast to the results for 1 M HCl. The hysteresis is stronger for

he higher light intensity. This result for H 2 SO 4 suggests the for-

ation of a surface layer. In contrast, the voltammogram measured

ith GaAs in 1 M H 2 SO 4 at the highest light intensity was found

o be the same as that for 1 M HCl and the limiting photocurrent

as directly proportional to light intensity ( Fig. 2 (b)). 

The “ideal” photocurrent potential curves shown in Fig. 1 (a) for

nP in 1 M HCl are no longer observed when the acid concentration

s decreased to 0.1 M. For the higher light intensities of Fig. 3 (a)

100%, 50%), complex voltammograms are found, consisting of two

istinct peaks in the forward scan and strong hysteresis in the re-

urn scan. For the lowest light intensity shown (10%) there is a

road range in which the photocurrent is essentially independent

f potential; this is the limiting value expected for the light inten-

ity used. The voltammogram in this case shows some hysteresis,

ut only in the onset of photocurrent. 

For 0.1 M H 2 SO 4 at higher light intensity (25% and 100%)

 Fig. 3 (b)) the voltammograms show peak features similar to those

f Fig. 3 a, for 0.1 M HCl. The hysteresis in the return scan is more

ronounced than is the case for 0.1 M HCl. The maximum cur-

ent in both peaks is a factor of 2 or more higher for HCl than for

 2 SO 4 . In the latter case a lower light intensity of 5% is required to

nsure a limiting, i.e. potential-independent, photocurrent with no

ysteresis. In contrast to this InP result, the voltammogram for n-

aAs in 0.1 M H 2 SO 4 solution at the highest light intensity (100%)

hows features similar to those observed with InP and GaAs in 1 M

Cl solution. The limiting photocurrent is linearly dependent on

ight intensity (see insert Fig. 2 (b)). This also holds for a 0.1 and

.01 M H 2 SO 4 solution. Clearly, current-inhibiting layer formation

s not a problem in the case of GaAs even at low proton concen-

ration. Clear differences between results for InP in HCl and H 2 SO 4 
olutions were also observed at the intermediate acid concentra- 
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Fig. 2. Current density-potential plots recorded for a stationary n-type GaAs elec- 

trode at various light intensities in 1 M HCl solution (a). The plot measured for 1 M 

H 2 SO 4 at 100% light intensity is shown in (b). The limiting photocurrent ( U = 0.5 V) 

for 0.1 M and 0.01 M H 2 SO 4 , plotted as a function of light intensity, is shown in the 

insert. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Influence of light intensity on the current density-potential plot for a sta- 

tionary n-type InP electrode recorded in (a) 0.1 M HCl and (b) 0.1 M H 2 SO 4 solu- 

tion. 
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tion of 0.25 M (supplement, Figure S1a). While the HCl result re-

sembles with slight deviation that of 1.0 M HCl ( Fig. 1 (a)), the re-

sult for 0.25 M H 2 SO 4 (Figure S1b) approaches that of 0.1 M H 2 SO 4 

( Fig. 3 (b)) though with considerably higher current density. 

Fig. 4 (a) and 4 (b) show that trends described for InP in 0.1 M

HCl and H 2 SO 4 solutions also hold when the acid concentration is

reduced to 0.05 M, or lower. It is clear that, in the range down to

0.01 M, differences observed for the two acids are less pronounced

than that at higher acid concentration. Here we note again that

even at the highest light intensity (100%) and the lowest H 2 SO 4 

concentration (0.01 M) the expected limiting photocurrent density

is observed for GaAs. 

The general features of the cyclic voltammogram of n-type InP

under illumination at lower acid concentration are also observed

with p-type InP in the dark. This is shown in Figure S2 for a p-

type (111)-B electrode in 0.05 M H 2 SO 4 solution. As in the case

of n-type, two peaks are observed in the forward scan and strong

hysteresis in the return scan to negative potential. We note that for

n-type InP the general electrochemical features as described above

were not influenced significantly by the crystallographic orienta-

tion of the electrode surface. 
.2. Surface analysis 

Two ex-situ techniques, XPS and ToF-ERDA, were used to inves-

igate layer formation on n-and p-type InP at low acid concentra-

ion. The results reveal a relatively complex chemistry. To help un-

erstand the anodic oxidation mechanism, we examined the sur-

ace chemistry involved in the two distinct current-peak features

y ex situ XPS for 0.05 M HCl and 0.05 M H 2 SO 4 solution. Refer-

nce core-level P 2p and In 3d 5/2 spectra for the HCl cleaned sur-

ace, i.e. prior to anodic oxidation, are shown in Fig. 5 (a,b). (For a

ynchrotron XPS study of HCl-treated InP surfaces we refer to pre-

ious work [ 43 , 44 ].) The P 2p spectrum was fitted with 2 compo-

ents: a P −In substrate peak and a small phosphorous oxide peak

ith a 4.5 eV chemical shift in binding energy with respect to the

 −In substrate peak. It is clear that the surface was essentially free

f either P 3 + or P 5 + related species [45] . The In 3d5/2 spectrum

as more complex to fit as a result of the small chemical shift

f In-O with respect to the In −P substrate peak. However, a small

ontribution from In 

3 + could be detected (see also reference [43] ).

The P 2p and In 3d 5/2 spectra for the first anodic peak are

hown in Fig. 5 (c, d) for 0.05 M HCl. The potential was scanned

t full light intensity from −0.5 V to + 0.37 V. The broad and pro-

ounced higher binding energy feature in the P 2p spectrum in-

icates that the oxide consisted mainly of P 5 + components. Pre-

ious work on anodic oxide formation in non-acidic electrolytes
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Fig. 4. Current density-potential plots for n-type InP for different acid concentra- 

tions in HCl (a) and H 2 SO 4 solution (b). The maximum light intensity was used. 
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Fig. 5. Angle-integrated XPS spectra showing the P 2p and In 3d 5/2 peak features obtaine

through the first anodic peak (c, d) and the second anodic peak (e, f) in 0.05 M HCl solut
uggests that these components can most likely be attributed to

toichiometric InPO 4 (133.6 eV) and to the amorphous condensed

hosphate In(PO y ) x , with possibly some additional P 2 O 5 at similar

nergy (134.6 eV) [ 30–34 , 46–48 ]. The smaller spectral weight of

he lowest binding energy oxide component (132.7 eV) points to

olyphosphate In(PO 3 ) 3 . Finally, small amounts of elemental phos-

horous (P 0 ) were also detected. Similar results were found for

he 0.05 M H 2 SO 4 case (Figure S3 (a)). The In 3d 5/2 spectra were

econvoluted into three components, with the main contributing

eak positioned at 445.3 eV. These are attributed mainly to InPO 4 ,

ith some In(PO 3 ) 3 at similar binding energy, and In(PO y ) x at

igher energy. Due the relatively large contribution in the In-P bulk

ange as compared to that of the P-In in the P 2p spectrum, it

eems likely that In 2 O 3 is also present in the oxide. However, it

as not possible to resolve this peak as the associated binding en-

rgy is very close to the In-P substrate peak energy [49] . 

Spectral features for the second anodic peak, following a scan

rom −0.5 V to + 1.75 V, are displayed in Fig. 5 (e, f) for 0.05 M HCl.

he absence of the P 2p 1/2 and P 2p 1/2 doublet peaks shows that

he anodic oxide continued to grow during the course of the po-

ential scan. The trend was supported by the O 1 s core- level spec-

ra that showed a peak intensity that was clearly higher for the

econd anodic peak (see also Figure S4). Also, in this case the oxide

as mainly composed of the P 5 + species: InPO 4 , In(PO y ) x /P 2 O 5 and

n(PO 3 ) 3 . The spectral weight of In(PO 3 ) 3 was higher after scan-

ing through the second anodic peak. The oxide features for the In

d 5/2 spectra were in good agreement with a main InPO 4 /In(PO 3 ) 3 
eak and a smaller In(PO y ) x contribution. In 2 O 3 was detected in

ow quantities. The H 2 SO 4 experiment, however, showed lower

mounts of P 0 and In 2 O 3 (Figure S3 (c, d)) 

The atomic concentrations, as calculated from the fitted data,

llowed us to determine the relative oxide composition P ox /In ox 

P ox and In ox are the total oxide concentrations) as well as the rel-

tive contribution of the various oxide components. An overview

f these results is summarized in Table 1 . Oxide species related to

he P 2p spectra were more abundant, while the fraction of In ox 

as consistently lower. An acid dependence was not evident. The

 2p results for the two anodic peaks show that the oxide was
d for the reference sample cleaned in 2 M HCl solution (a, b), after a potential scan 

ion. The final potentials were U = 0.37 V and U = 1.75 V, respectively. 
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Table 1 

HCl (peak 1) H 2 SO 4 (Peak 1) HCl (Peak 2) H 2 SO 4 (Peak 2) 

P ox /In ox 3.94 4.21 3.72 3.66 

InPO 4 /P ox 0.56 0.58 0.49 0.46 

In(PO 3 ) 3 /P ox 0.15 0.18 0.27 0.32 

In(PO y ) x /P ox 0.28 0.25 0.24 0.22 

InPO 4 /In ox 0.64 0.65 0.70 0.56 

In(PO y ) x /In ox 0.36 0.35 0.30 0.44 

Fig. 6. Surface oxygen concentration (atoms cm 

−2 ) obtained from ToF-ERDA mea- 

surements after a potential scan through the two anodic oxide peaks for n-type 

InP in 0.05 M HCl and 0.05 M H 2 SO 4 solution (a) with respective potentials corre- 

sponding to U = 0.37 V and U = 1.75 V. The maximum light intensity was used. 

In (b) potential scan results for unilluminated p-type InP in 0.02 M H 2 SO 4 solution 

are shown for the two peak regions. The influence of time was determined after 

stepping the potential from OCP to the second peak region. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Current density-potential plots for an n-type InP RDE recorded at maximum 

light intensity (100%) and different rotation rates in (a) 0.1 M H 2 SO 4 and (b) 0.1 M 

HCl solution. 
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in all cases composed mainly of the stoichiometric phases InPO 4 

and In(PO 3 ) 3 . The contribution of amorphous In(PO y ) x was about

25%. The In 3d results agree with these trends. Small Cl concen-

trations of about 0.2 at.% were detected on the HCl-treated sam-

ples. Although the overall composition was similar for the two an-

odic peaks, the In(PO 3 ) 3 /P ox ratio was larger for the second peak. A

comparison of the surface sensitive versus the bulk sensitive spec-

tra showed no significant depth dependence indicating that oxide

composition was uniform throughout the film. In contrast to an-

odic oxides grown in non-acidic electrolytes, the typical In ox -rich

cap on top of the P ox -rich layer was not observed in this work

[ 33 , 48 , 50 ]. 

ToF-ERDA results for the potential scan experiments are shown

in Fig. 6 (a). The measurements for the first photoanodic peak in

0.05 M HCl (the potential was scanned from −0.5 V to + 0.37 V)

indicated an oxygen coverage of 5 E + 15 cm 

−2 . A lower areal O

density of 3 E + 15 cm 

−2 was observed for 0.05 M H 2 SO 4 . This re-

sult was supported by the corresponding XPS spectra that showed

a lower oxide contribution in the higher binding energy range as

compared to the HCl case. When the potential was scanned fur-

ther through the second peak and interrupted at + 1.75 V, a sig-

nificant increase in the oxygen areal density was noted: 24 E + 15

cm 

−2 and 28 E + 15 cm 

−2 for 0.05 M HCl and H 2 SO 4 , respectively.

In a potential-scan experiment with p-type InP in 0.02 M H 2 SO 4 

solution ( Fig. 6 (b)), the O coverage was 13 E + 15 cm 

−2 for the first

anodic peak and increased to 26 E + 15 cm 

−2 for the second peak.
hen the potential was stepped from OCP to the second anodic

eak region, the coverage after 5 min was 23 E + 15 cm 

−2 and was

lightly higher for the longer polarization times of 10 and 20 min:

5 E + 15 cm 

−2 . 

.3. Hydrodynamics 

That mass transport in solution plays an important role in pho-

oanodic oxidation of InP in acidic solution was shown by experi-

ents with an n-type InP RDE. Fig. 7 (a) gives results for a 0.1 M

 2 SO 4 experiment. The most important feature here is the marked

ncrease in current density in the entire potential range as the ro-

ation rate is increased. There are also other differences. While two

istinctive peaks with approximately the same current maximum

re clear in the voltammogram of the stationary electrode, at the

owest rotation rate of the RDE (100 rpm) the first peak is less well
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Fig. 8. (a) Time dependence of the current density for an n-type InP RDE following 

a potential step from open circuit to U = 0.6 V (vs SCE) as a function of electrode 

rotation rate at maximum light intensity (100%). 

Corresponding Koutecky-Levich plots are shown in (b). For the analysis, the 

(quasi)steady-state current density was used for t = 125 s. 
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efined and its maximum is considerably lower than that of the

econd peak. As the rotation rate is further increased to 200 rpm,

he first peak becomes a “plateau” while, at the highest rotation

ate, it merges with the second peak. It is also striking that (i) the

ysteresis in the return scan in the potential range of the second

eak is reduced as the rotation rate is increased and (ii) the maxi-

um current density at 1500 rpm is that expected for the light in-

ensity used (100%) (compare with Fig. 1 ). Although general trends

or the corresponding experiments with 0.1 M HCl ( Fig. 7 (b)) are

imilar to those found with 0.1 M H 2 SO 4 , there are important dif-

erences. The first peak, clear at 0 rpm, disappears more rapidly

n rotation of the electrode (at 100 rpm a peak is no longer visi-

le). At 200 rpm the current density of the second peak maximum

s close to that expected on the basis of light intensity, while at

he two highest rotation rates (80 0, 10 0 0 rpm) an almost “ideal”

hotocurrent-potential curve is found with the expected limiting

hotocurrent. It is clear that hysteresis in the return scan through

he second peak decreases as the rotation rate is increased, disap-

earing entirely at the highest rotation rates. Strong hysteresis is

bserved in the return scan through the potential range of the first

eak for H 2 SO 4 at all rotation rates and for HCl only at 100 and

00 rpm. 

In order to study the influence of rotation rate on the kinetics of

nodic oxidation, potential-step measurements were performed for

oth acids. The electrode potential was stepped (at t = 0) from the
pen-circuit value to a potential in the range of the second peak

 + 0.6 V). The photocurrent was measured as a function of time.

ig. 8 shows the result for a 0.05 M HCl solution. On application of

he potential there is a rapid drop in photocurrent, followed by a

low decay for both the stationary and the rotating electrode. The

ffect of rotation is evident: the establishment of a (quasi)steady-

tate current is slower for the stationary electrode and this cur-

ent increases strongly with increasing rotation rate (the value of

500 rpm is a factor of 14 higher than that at 0 rpm). Similar re-

ults were found for 0.05 M H 2 SO 4 solution (Figure S5). 

A plot of the Levich equation[51] showing the steady-state cur-

ent as a function of the square root of the rotation rate does not

ive a straight line for these results. This indicates that the steady

tate is not determined solely by mass transport in solution; the

inetics of an interfacial reaction also plays a role. An analysis

ased on the Koutecky-Levich equation [ 51 , 52 ] allows us to dis-

inguish between these contributions: 

1 

j 
= 

1 

j K 
+ 

1 

j D 
= 

1 

j K 
+ 

1 

a 
√ 

ω 

(2) 

ere j is the measured current density, j K is the contribution from

he surface reaction and j D that resulting from mass transport. The

atter is, as in the Levich equation, proportional to the square root

f the rotation rate ω (rad s −1 ) (“a” in this equation is a con-

tant, directly proportional to the concentration of the species re-

ponsible for mass transport control.) Despite the obvious com-

lexity of the chemistry involved in this system (see also discus-

ion) it is clear that the HCl results shown in Fig. 8 (b) conform to

 Koutecky-Levich analysis. Plots of 1/j versus 1/ 
√ 

ω give straight

ines whose intercept on the current axis yields a value for 1/j K 
or the various acid concentrations (0.01–0.05 M). Clearly, j K de-

ends on the proton concentration (see Fig. 9 (a)). By subtracting

/j K from 1/j one can obtain the mass transport component J D .

ig. 9 (b) shows that plots of j D versus 
√ 

ω give straight lines (as ex-

ected from the Levich equation). The slope of these lines is clearly

ependent on the acid concentration. An analysis of the result of

xperiments with 0.05 M H 2 SO 4 (see Figure S6) shows trends sim-

lar to those described above for HCl. We shall consider these re-

ults further in the discussion section. 

Since mass transport plays an important role in the oxidation

eaction, one might expect potential-scan rate to be important in

etermining the cyclic voltammogram [51] . Fig. 10 shows that this

s indeed the case. For experiments with 0.1 M acids, an increase

n scan rate from 2 to 100 mV s −1 leads to a very significant in-

rease in current in the whole potential range. The shape of the

oltammogram remains essentially unchanged. As in previous ex-

eriments, the current for 0.1 M HCl was markedly higher than

hat for 0.1 M H 2 SO 4 (at the same scan rate). For a simple irre-

ersible redox reaction, one expects the peak current density j p to

e proportional to the square root of the scan rate of the potential.

igure S7 shows that, in the present complex system, results for

he first peak approach this dependence. The dashed straight lines

orrespond to “ideal” behavior. 

. Discussion 

.1. General features 

The present study shows that n-type InP, in contrast to n-type

aAs, can undergo passivation during anodic polarization at rela-

ively low current density. Three factors are important: the light

ntensity, the nature of the acid and its concentration, and the

ydrodynamics of the system. In the case of GaAs, a potential-

ndependent limiting photocurrent is observed that is (i) directly

roportional to light intensity up to relatively high values of the

hoton flux and (ii) independent of acid concentration down to

.01 M for both HCl and H 2 SO 4 ( Fig. 2 ). In 1 M HCl, n-type InP
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Fig. 9. (a) Plot of the current density attributed to the kinetics of the surface reac- 

tion j K as a function of the proton concentration as obtained from Koutecky-Levich 

analysis. (b) Corresponding current density due to mass transport j D versus the 

square root of the rotation rate for different concentrations of HCl. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Influence of scan rate on the current density-potential plots for n-type InP 

recorded in 0.1 M H 2 SO 4 (a) and 0.1 M HCl solution (b). 
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remains active up to photocurrent densities comparable to those

encountered with GaAs ( Fig. 1 a). On the other hand with 1 M

H 2 SO 4 , hysteresis in the cyclic voltammograms indicates oxide for-

mation at higher light intensity ( Fig. 1 b). As the concentration of

both acids is lowered ( Figs. 3 and 4 ), passivation is revealed by

two peaks in the current-potential plots and by photocurrent den-

sities considerably lower than those expected on the basis of the

light intensity. 

ToF-ERDA measurements confirmed oxide formation on InP in

the potential range of the two peaks of the voltammogram for

both acids ( Fig. 6 ). The oxide coverage increased significantly when

the potential was scanned through the second anodic peak, in

agreement with potential step experiments for a p-type InP elec-

trode. XPS showed the oxide to consist mainly of InPO 4 with ad-

ditional contributions from In(PO 3 ) 3 , In(PO y ) x and P 2 O 5 ( Fig. 5 ). In

addition, some In 2 O 3 and elemental phosphorous (P 0 ) were also

observed. 

For active, i.e. oxide-free dissolution of InP as shown for 1 M

HCl solution at maximum light intensity ( Fig. 1 (a)) and 1 M H 2 SO 4 

at somewhat lower intensity ( Fig. 1 (b)), our results and those of

other workers [ 20 , 22 , 36 , 37 ] indicate that 6 charge carriers are re-

quired to dissolve one formula unit of the semiconductor. Trivalent

products, In 

3 + and H 3 PO 3 are formed in solution ( Eq. (1) ). For both

acids at lower proton concentration, as in Figs. 3 and 4 , dissolution

of the semiconductor occurs via oxide formation (Equations 3a-c)
nd dissolution (Equations 6a-d). That the XPS results reveal an

xide consisting predominantly of pentavalent P (InPO 4 , In(PO 3 ) 3 
nd P 2 O 5 ) indicates that oxidation requires 8, instead of 6 charge

arriers per InP unit. Formation of the mixed oxides, InPO 4 and

n(PO 3 ) 3 , can be described by Eq. (3a) and 3b 

nP + 4H 2 O + 8h 

+ → InPO 4 + 8H 

+ (3a)

InP + 9H 2 O + 24h 

+ → 2In 

3 + + In(PO 3 ) 3 + 18H 

+ (3b)

n both cases 8 holes are involved per InP unit. The InPO 4 reaction

roduces 8 protons and polyphosphate 6 per oxidized InP. With a

toichiometry close to that of In(PO 3 ) 3 , we assume that the amor-

hous In(PO y ) x is formed in a similar way [ 30 , 31 ]. The reaction giv-

ng rise to In 2 O 3 and P 2 O 5 is described by 

InP + 8H 2 O + 16h 

+ → In 2 O 3 + P 2 O 5 + 16H 

+ (3c)

ere, as for InPO 4 , 8 holes are required and 8 protons are trans-

erred to solution. In 2 O 3 can also result from a chemical reaction

f In 

3 + ions (see Eq. (3b) ) with water). In contrast to the above ex-

mples, the formation of elemental phosphorous requires 3 holes

er InP unit and protons are not involved in the reaction 

nP + 3h 

+ → In 

3 + + P 0 (3d)

uch a form of preferential oxidation of the group III element was

lso observed for other III-V semiconductors [ 5 , 38 , 39 ]. 
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An important step in the growth of these mixed In/P oxides

ust be the creation of an In-O-P bridge that anchors the In and P

toms in the lattice. This process can be visualized in a simplistic

cheme by a series of basic steps [ 18 , 20 , 36 ] 

(4a) 

(4b) 

(4c) 

(4d) 

In the first step ( Eq. (4a) ) a photogenerated hole is localized

n an InP surface bond. The resulting electron-deficient bond, after

apture of a second hole, reacts with a water molecule, thus com-

leting bond rupture ( Eq. (4b) ). Condensation of the resulting In 

+ 

nd P-OH entities with the release of a proton ( Eq. (4c) ) gives an

xygen bridge (represented here in two forms: covalent and ionic).

Two different pathways for further oxidation are possible. If,

ollowing step 4b, the back bonds to the In and P surface atoms

ndergo a similar sequence (4a + 4b) before bridge formation can

ccur, then the In and P atoms will pass into solution as In 

3 + and

(OH) 3 that converts to the diprotic acid form, HPO(OH) 2 [53] . This

athway corresponds to “active” dissolution, as encountered with

nP in 1 M HCl at full light intensity and 1 M H 2 SO 4 at lower light

ntensity ( Fig. 1 ). If, on the other hand, the back bonds from al-

eady bridged surface atoms undergo similar bridge formation (as

n 4c) then an oxide matrix can be formed. While active dissolu-

ion of InP gives rise to a P 3 + product in solution ( Eq. (1) ), P atoms

xed in the oxide can be further oxidized to P 5 + as detected in the

PS measurements. 

An intermediate with unpaired electron, such as that formed

n step 4a, is equivalent to a surface state with an energy in the

andgap of the semiconductor [54] . The electron can be thermally

njected into the conduction band and, with a low concentration

f holes in the valence band (i.e. at low light intensity [36] ), this

tep can compete with 4b, capture of a second hole. When this

ombination of steps 4a and 4d is repeated 3 times, then only 3

nstead of 6 photons are required to oxidize one unit of InP [36] 

nP + 3H 2 O + 3h 

+ (VB) → In 

3 + + H 3 PO 3 + 3H 

+ + 3e − (CB) (5)

This corresponds to a quantum efficiency (QE) of 2, i.e., two

harge carriers are generated per absorbed photon. This effect, re-

erred to as photocurrent doubling, is observed only at a light in-

ensity considerably lower than that used in the present work [36] .

ome enhancement of the photocurrent (2 > QE > 1) might be

xpected at the lowest light intensity. However, it is not clear to

hat extent surface oxide will influence photocurrent multiplica-

ion. Oxide formation leads to a drop in photocurrent below the

alue expected on the basis of the photon flux. This is accompa-

ied by an increase in electron-hole recombination. The study of

lectron injection from bandgap states will, under these circum-

tances, be complicated. However, whether two holes or a hole

lus an electron are responsible for bond rupture is not important

n the present argument regarding active versus passive oxidation. 

The strong dependence of anodic current on the pH of the elec-

rolyte solution indicates that protons must influence the solubility
f the oxide product. The dissolution reactions for the various ox-

des can be described by 

nPO 4 + 3H 

+ → In 

3 + + H 3 PO 4 (6a)

n(PO 3 ) 3 + 3H 2 O 

+ + 3H 

+ → In 

3 + + 3H 3 PO 4 (6b)

n 2 O 3 + 6H 

+ → 2In 

3 + + 3H 2 O (6c)

Three protons are required for each In 

3 + passing into solution

n all cases. Phosphorous pentoxide should hydrolyze on exposure

o water 

 2 O 5 + 3H 2 O → 2H 3 PO 4 (6d)

Phosphoric acid (H 3 PO 4 ) and phosphorous acid (H 3 PO 3 ) will

issociate in solution. The extent of hydrolysis, a reaction that re-

eases protons to solution, depends on the pH of the solution. 

From the potential-scan and the potential-step measurements

ith a rotating disk electrode it is clear that hydrodynamics is im-

ortant in determining the kinetics of anodic oxidation and layer

ormation. At lower acid concentration, the current density is in-

uenced markedly by both the electrode rotation rate and the po-

ential scan rate in the complete potential range of the peaks for

he two acids ( Figs. 7 and 10 ). This raises the question as to the

pecies in solution that is responsible for mass-transport control.

he steady-state results of Fig. 9 (b) and S6(b), showing that the

lope of j D versus 
√ 

ω plots depends on acid concentration, sug-

ests that the concentration of protons at the surface is important.

t is clear that while protons are consumed at the interface during

xide dissolution, they are replenished by the oxidation reactions.

n the case of InPO 4 formation ( Eq. (3a) ) 8 protons are produced

er InP unit that is oxidized, while only 3 protons are involved in

tching InPO 4 ( Eq. (6a) ). So the net reaction produces 5 protons, a

umber that will be higher as H 3 PO 4 dissociates. A similar positive

roton balance is also expected for the other oxide forms: In(PO 3 ) 3 
nd In 2 O 3 (Equations 3b,c). It is therefore unlikely that proton de-

letion occurs at the solid/solution interface. Further evidence for

his conclusion is provided by the dependence of the diffusion cur-

ent j D on the pH. If protons determine mass transport, then, for a

iven rotation rate, j D should be directly proportional to the proton

oncentration: J D = k D [H 

+ ] n with n = 1 [51] . Fig. 9 (b) shows that

he exponent “n” is considerably higher than 1. This also holds for

he H 2 SO 4 results (Figure S6). In addition, since the proton has a

arge diffusion coefficient [55] , one would expect markedly higher

alues for j D than those shown in Fig. 9 (b) (and Figure S6). Con-

equently, we conclude that, while pH is important in determining

xide solubility, removal of products of InP oxidation and of oxide

issolution from the solid/solution interface to the bulk solution

etermines the hydrodynamics of the present system. 

The present reaction scheme involving oxidation of InP, initial

assivation, oxide growth and dissolution, and diffusion of reac-

ion products to the bulk solution is, with the results now avail-

ble, too complex to analyze in terms of Koutecky-Levich kinetics.

owever, is should be noted that Eq. (2) can apply to an electrode

eaction in which the hydrodynamics is determined by mass trans-

ort of product. This can be the case for a process involving a sur-

ace reaction, dissolution and mass transport in which the product

s sparingly soluble and blocks the electrode reaction [56] . 

.2. The InP/H 2 SO 4 system 

The conclusions drawn in the previous section provide a ba-

is for a qualitative understanding of the chemistry encountered

uring the potentiodynamic scans. We focus first on the case of
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n  
a stationairy n-type InP electrode at maximum light intensity in

0.1 M H 2 SO 4 ( Fig. 3 (b), 100%). Three potential ranges can be dis-

tinguished in the forward scan of the voltammogram. As the po-

tential is made positive with respect to the open-circuit value, the

current initially increases sharply (range I). However, instead of

a potential-independent limiting photocurrent, the voltammogram

shows a peak typical of oxide formation (range II). The maximum

current in the peak is a factor of approximately 8 lower than that

expected on the basis of light intensity (compare with Fig. 1 (a),

100%). After passing through a minimum, the current again in-

creases, giving a second peak (range III), with a maximum current

density slightly higher than that of the first peak. A marked hys-

teresis is observed in the return scan to negative potential. 

The results obtained with a rotating disk electrode ( Fig. 7 (a))

provide information on the transition from active dissolution at

lower current density (range I) to passivation (range II). At the

lowest rotation rate of 100 rpm, a peak is also seen, but with a

maximum current twice that found for the stationary electrode. At

400 rpm, the current corresponding to the plateau that replaces

the first peak is a factor of approximately 2 higher than that at

100 rpm. This current continues to increase with increasing rota-

tion rate. At 1500 rpm, the inflection point has a value (4.5 mA

cm 

−2 ), close to that expected on the basis of the light intensity.

The limiting value of 6 mA cm 

−2 is, in fact, reached in the sec-

ond peak. This suggests that, in this case, the surface is essentially

oxide-free. The decrease in current beyond the peak maximum in-

dicates a return of some oxide. From Fig. 7 (a) it is clear that the

critical current density required for the transition from “active”

dissolution of InP to oxide formation and possible passivation is

dependent on the hydrodynamics of the system. 

Anodic oxidation of the semiconductor in the active range I

gives rise to In 

3 + and P(OH) 3 /HPO(OH) 2 at the solid/solution in-

terface ( Eq. (1) ). In the previous section we concluded that hy-

drodynamics in the present system is determined by mass trans-

port of oxidation products from the surface to the bulk solution.

With a stationary electrode in an unstirred solution (e.g. Fig. 3 (a),

100%) the rate of removal of reaction products from the surface

will be limited. As a result, at constant potential the concentra-

tion of these products will build up at the surface until a steady

state is achieved (the rate of formation = rate of removal via diffu-

sion/convection). This suggests a possible mechanism for explain-

ing the onset of the transition from active dissolution (range I) to

passivation (range II). This involves the further anodic oxidation of

the primary trivalent group V product, either the as-formed P(OH) 3 
or the converted stable diprotic form, to give pentavalent phos-

phate: 

P(OH) 3 + 2H 2 O + 2h 

+ → H 3 PO 4 + 2H 

+ (7a)

HPO(OH) 2 + 2H 2 O + 2h 

+ → H 3 PO 4 + 2H 

+ (7b)

In the presence of a relatively high In 

3 + concentration at the

surface, InPO 4 can be formed [ 42 , 53 ]: 

In 

3 + + H 3 PO 4 → [InPO 4 ] (ads) + 3H 

+ (7c)

Adsorbed at the interface, InPO 4 , the main component of the

passive layer, may block the surface, thus hindering active disso-

lution ( Eq. (4b) and following steps). This favours oxide formation

and passivation ( Eq. (4c) ). It is clear that, on rotation of the elec-

trode, removal of the initial oxidation products from the surface

is more effective and passivation should occur at a higher current

density. Since solubility of InPO 4 depends on protons ( Eq. (6a) ) it

is not surprizing that the current at which the active/passive tran-

sition occurs depends on the pH of the solution. 

In range II (through the first peak in the voltammogram) an ox-

ide film is formed on the surface. In the case of a stationary elec-
rode in 0.05 M H 2 SO 4 this inner layer is about 0.5 nm thick. As

 result of oxide growth, the potential distribution at the semi-

onductor/solution interface is altered. Part of the applied poten-

ial now falls over the oxide, providing the electric field required

or layer growth. There is a corresponding decrease in the electric

eld of the space-charge layer in the semiconductor, leading to en-

anced electron-hole recombination and a reduced photocurrent.

ompetition between anodic oxide formation and dissolution de-

ermines the shape of the voltammogram. The latter depends on

oth the proton concentration and solution hydrodynamics. Since

nPO 4 and In(PO 3 ) 3 are the main oxidation products, the charge

ransfer reactions giving rise to oxide formation (Equations 3a,b)

ery likely occur at the semiconductor/oxide interface. Under influ-

nce of the electric field across the oxide layer, protons migrate to

he oxide/solution interface. "Non-bonded" In 

3 + ions (see Eq. (3b) )

ay also migrate and pass into solution, a process that is not ex-

ected for phosphorous bonded to oxygen. 

An increase in applied potential beyond that corresponding to

he first peak leads to an increase in current and the appearance of

 second peak ( Fig. 3 (b)). The surface oxide continues to grow. For

 0.05 M H 2 SO 4 solution, ToF-ERDA results ( Fig. 6 (a)) show that the

xide coverage at the surface has increased markedly (from 3 E + 15

 cm 

−2 (range II) to 28 E + 15 O cm 

−2 (range III)). Hysteresis in the

yclic voltammograms provides information about the oxide in the

wo ranges. For a stationary electrode in 0.1 M H 2 SO 4 ( Fig. 3 (b)),

n essentially constant current is clear in the return scan through

ange III, that of the second peak. The current drops to a low value

n the range of the first peak. The influence of rotation rate on this

esult is also striking ( Fig. 7 (a)). While the current in the forward

can increases markedly, hysteresis in the return scan decreases as

he rotation rate is raised from 0 to 1500 rpm. These two results

an be attributed to an increase in oxide dissolution rate as a re-

ult of the enhanced rate of removal of the dissolved product from

he surface. As for the stationary electrode, considerable hysteresis

s still observed in the range of the first peak. We conclude that

he rate of removal of the oxide in the first peak does not keep

ace with the rate of change of potential. There is a rapid drop

n the electric field across the barrier oxide so that the current

uickly drops to a low value. From these results we conclude that

n essentially different oxide is associated with each of the cur-

ent peaks, an inner layer and an outer layer with relatively low

nd high solubility, respectively. 

The present results resemble in a number of respects our previ-

us work on anodic oxidation of SiC, p-type in the dark and n-type

nder illumination, in acidic fluoride solution [ 57 , 58 ]. A two-peak

oltammogram with marked hysteresis in the return scan was also

bserved for SiC. The strong dependence of current on electrode

otation rate in the potential range of both peaks was attributed

o mass-transport limitation due to fluoride ion depletion at the

lectrode surface. On the basis of surface analysis and electrical

mpedance measurements it was clear that the results are due to

ifferences in the nature of the oxide. The SiC results were inter-

reted with a two-layer model, similar to that previously reported

or Si in HF solution [ 52 , 59–63 ]. a compact SiO 2 inner layer and

 thicker less dense outer layer. In the case of Si it was suggested

hat the outer layer consisted of a hydrated oxide. In the case of

iC the outer layer must be porous in order to account for its thick-

ess (in the micron range). The results for the three semiconduc-

ors suggest that, as the potential is increased on going from the

rst through the second peak, the outer edge of the inner com-

act oxide undergoes a transition to give a less dense or hydrated

xide, while the inner layer continues to grow at the semicon-

uctor/oxide interface. The mechanism of such a conversion is not

lear. 

The present results show an interesting contrast in the mecha-

ism of anodic oxidation of the three semiconductors in acidic so-
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Fig. 11. Current density-potential plots for a stationary n-type InP at maximum 

light intensity (100%) showing the influence of the Cl −anion on the cyclic voltam- 

mogram. 
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ution. In the case of Si and SiC the fluoride ion plays a dual role. It

cts as complexing agent for Si 4 + and is essential for oxide disso-

ution while depletion of fluoride at the solid/solution interface is

esponsible for mass-transport control. In the case of InP, protons

re essential for oxide dissolution (oxide solubility depends on pH)

ut they are not depleted at the electrode surface. In this case the

ydrodynamics is determined by transport of the oxidation prod-

cts from the electrode surface to the bulk solution. 

.3. The role of Cl −

Although the general features of the voltammograms for n-type

nP in HCl and H 2 SO 4 under the same experimental conditions

re quite similar, there are some striking differences. While “ideal”

hotocurrent-potential curves were found for 1 M HCl up to the

aximum light intensity (100%) ( Fig. 1 (a)), this is not the case for

 M H 2 SO 4 . At the higher light intensities (79%, 100%) a peak is

bserved in the forward scan and significant hysteresis in the re-

urn scan ( Fig. 1 (b)). Only at an intensity of 50% (and lower) was a

oltammogram recorded comparable in shape to that for 1 M HCl.

t lower acid concentration (0.1 M), for example, two peaks are

bserved in the forward scan for both acids, with hysteresis in the

everse scan ( Fig. 3 (a) and (b)). The general level of the photocur-

ent was considerably higher in the HCl case while there was less

ysteresis in the return scan to the second peak maximum. The

ifference between the results for the two acids at lower molar-

ty (0.01–0.05 M) ( Fig. 4 ) was less pronounced but still evident. An

xception is the 0.01 M case. The slightly higher peak current for

.01 M H 2 SO 4 very likely results from the higher proton concen-

ration (0.0144 M). 

With rotation of the electrode, the influence of HCl is even

ore striking. In this case, the first peak in the voltammogram ob-

erved for 0.1 M H 2 SO 4 at 100 rpm ( Fig. 7 (a)) has been replaced

y a “weak” plateau ( Fig. 7 (b)). For HCl at 200 rpm the plateau

s almost completely absorbed by the second peak, which has a

hotocurrent maximum close to the value expected for the light

ntensity (100%). At the two highest rotation rates (80 0, 10 0 0 rpm)

he HCl photocurrent-potential curves resemble the curve for 1 M

Cl with a stationary electrode. Again, for HCl at low rotation rate

he hysteresis in the return scan through the second peak is less

han for H 2 SO 4 at the same rotation rate. 

The potential scan rate has a similar effect on the voltammo-

rams as rotation rate ( Fig. 10 ). For HCl there is a marked increase

n photocurrent in the potential range of the first and second peaks

ith increasing scan rate (2–100 mVs −1 ) while the initial hystere-

is in the return scan is reduced. 

That the Cl − ion is responsible for the enhanced current in the

bove examples is supported by an experiment with a stationary

nP electrode in a 0.1 M HCl solution in which the chloride con-

entration was increased to 1 M by addition of KCl ( Fig. 11 ). The

hotocurrent-potential curve of Fig. 3 (b) is changed radically from

 2-peak voltammogram to one showing a potential-independent

imiting photocurrent as for 1.0 M HCl. Addition of Cl − gives the

xpected limiting photocurrent in a broad potential range with

imited hysteresis. As already mentioned in the Results section, we

xpect the chloride ion to act as complexing agent for In 

3+ [ 41 , 42 ].

f Cl − "scavenges" the dissolved In 

3 + ions, formation of InPO 4 on

he surface ( Eq. (7c) ) and subsequent passivation are prevented. 

The chloride ion can also interfere at two stages in the anodic

xidation of InP (Equations 8a,b). First, it can react with the prod-

ct of step (4b) by complexing the surface In 

+ , thus forming an In-

l bond ( Eq. (8a) ). In this way oxygen-bridge formation (step (4c)),

n essential step in oxide formation, is thwarted. Second, HCl can

e expected to enhance the oxide dissolution rate (with respect to

hat of H 2 SO 4 ) by a more effective rupture of the oxygen-bridged

urface bond ( Eq. (8b) ). 
(8a) 

(8b) 

These two processes also contribute to the significant enhance-

ent of the anodic photocurrent in the case of HCl, as observed

or 0.1 M and 0.25 M acid solution (see Figs. 3 and S1). At lower

cid concentrations ( ≤ 0.05 M) the influence of the chloride ion,

lthough less pronounced, is still evident (see Fig. 4 ). This trend

s confirmed on comparing the values of the rate constant for the

urface reaction of the two acids in the proton concentration range

.03 - 0.05 M. The rate constant is higher for HCl than for H 2 SO 4 

compare Figs. 9 (a) and S6(a)). It then seems surprizing that ToF-

RDA shows a higher surface oxygen concentration for the passi-

ating oxide formed in the first peak of the voltammogram in the

ase of 0.05 M HCl (see Fig. 6 ). The reason for this result is not

lear. The XPS results in Figs. 5 and S3 show that the chemical

omposition is essentially the same for the two oxides. Possibly, a

ifference in dielectric properties requires a thicker layer to ensure

assivation in HCl solution. 

.4. InP and GaAs: a comparison 

In a previous study [17] of the chemical etching of GaAs and

nP in acidic solutions containing the strong oxidizing agent H 2 O 2 

e observed trends similar to those described in the present work.

assivation of InP in both HCl and H 2 SO 4 resulted in very low etch

ates. The etch rate for HCl was (i) higher than that for the cor-

esponding H 2 SO 4 solution and (ii) dependent on both the H 2 O 2 

nd acid concentrations. GaAs, on the other hand, showed a much

igher etch rate in H 2 SO 4 that was dependent on the H 2 O 2 con-

entration but not on the proton concentration (0.01–1 M). GaAs

learly does not passivate in the H 2 SO 4 etchant. 

For chemical etching the striking difference in the etching prop-

rties of the two semiconductors was attributed to formation of

n oxygen bridge between the group III and the group V atoms

see Eq. (4c) ). It was suggested that formation of such an In-O-

 bridge is more favourable than that of a Ga-O-As bond due to
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the ease with which a proton can be removed from the P atom

( Eq. (4c) ), as compared to the As atom. This trend also seems to

hold for anodic etching for III-V semiconductors. We have found

that photoanodic etching of InGaAs is similar to that of GaAs in

that passivation is not observed even at low acid concentrations.

Figure S8 shows voltammograms for a 0.01 M HCl solution with a

well-defined limiting photocurrent and no indication of oxide for-

mation. In the work of Menezes and Miller it was indicated that

p-type and illuminated n-type GaAs was only passivated in 1 M

H 2 SO 4 at high current densities above 100 mA cm 

−2 [64] . On the

other hand Goossens and Gomes have shown that anodic polariza-

tion of n-type GaP under illumination in H 2 SO 4 (pH = 1) in a flow-

cell experiment gives a passivation peak with a maximum compa-

rable to that of InP in this work [65] . Also passivation is not ob-

served at low light intensity. As in the case of InP, considerable

hysteresis, reported for the return scan is substantially reduced

when the electrode is rotated at 1200 rpm, indicating the impor-

tance of hydrodynamics. Such results indicate that in the case of

chemical and anodic etching of these III-V semiconductors in acidic

solution the chemistry of the group V atom is especially important.

5. Summary and conclusions 

At the maximum light intensity used in this work, correspond-

ing to a limiting photocurrent density of 6 mA cm 

−2 , typical an-

odic photocurrent-potential characteristics were observed for both

n-type InP and GaAs in 1 M HCl solution. On the other hand, for

InP in 1 M H 2 SO 4 hysteresis in the cyclic voltammogram indicated

the formation of a surface layer. In contrast to GaAs, at lower pro-

ton concentration InP undergoes passivation during photoanodic

oxidation in both acids. Cyclic voltammograms revealed two an-

odic peaks when the potential was scanned from the open-circuit

value to positive potentials. The current corresponding to the two

peaks decreased markedly as the acid concentration was lowered

from 0.1 M to 0.01 M. The maximum current density in both peaks

was systematically higher for HCl than for H 2 SO 4 . Rotation of the

electrode leads to a considerable increase in current in the whole

potential range and to a reduction in the current hysteresis in the

range of the second peak (that at higher potential). XPS and ToF-

ERDA measurements were used to obtain information about the

chemical composition of the oxide and its thickness. 

A Koutecky-Levich analysis of steady-state current as a func-

tion of electrode rotation rate showed that the kinetics of oxide

formation/dissolution is determined by both the surface reactions

and mass transport in solution. Although protons are important

for oxide dissolution, they are not depleted at the electrode sur-

face. We conclude that removal of the oxidation products from the

solid/solution interface accounts for mass transport in the system. 

The results are considered on the basis of a bilayer model, an

inner compact layer and a less dense outer layer. A simple reaction

scheme showing the initial steps in combination with total oxida-

tion and dissolution reactions was used to explain the competi-

tion between the two reaction paths (active dissolution and pas-

sivation) as well at the special role of the Cl − ion in the kinetics.

Finally, we speculate on how mass transport of the oxidation prod-

ucts might influence so strongly the onset of passivation. 
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