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Electron accumulation with a sheet density greater than 1013 cm�2 usually occurs at InN

surfaces. Here, the effects of treatment with ammonium sulfide (ðNH4Þ2Sx) on the surface

electronic properties of highly Mg-doped InN ð> 4� 1018 cm�3) have been investigated with

high resolution x-ray photoemission spectroscopy. The valence band photoemission spectra show

that the surface Fermi level decreases by approximately 0.08 eV with ðNH4Þ2Sx treatment,

resulting in a decrease of the downward band bending and up to a 70% reduction in the surface

electron sheet density. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4820483]

I. INTRODUCTION

Indium nitride (InN) is a narrow band gap semiconduc-

tor material with superior electron transport properties, mak-

ing it of interest in the field near-infrared optoelectronics,

high efficiency solar cells (when alloyed with GaN or AlN),

and high speed electronics.1–5 However, the existence of a

large electron accumulation layer at the surface of as grown

materials provides challenges to practical devices, especially

those based on pn junctions. This phenomena has been

explained to result from the extremely low conduction band

minimum (CBM) at the C point of the Brillouin zone, which

is located far below the charge neutrality level (CNL).6,7

Electron accumulation is an almost universal feature in InN

and has been observed at the surface of wurtzite In- and N-

polar c-plane InN and non-polar a- and m-plane InN, as well

as at the surface of cubic InN(001).8,9 The lack of electron

accumulation at the surface of a-plane (11�20) and m-plane

(1�100) InN was theoretically predicted by Segev and Van de

Walle10 and experimentally confirmed for in-situ cleaved

a-plane InN.11 The latest experimental studies have been

performed on InN samples analyzed by photoemission after

in-situ growth. These show a strong correlation between the

surface orientation and the extent of the downward band

bending, indicating a significant lower surface electron den-

sity in N-polar c-plane, a- and m-plane than for In-polar

c-plane InN.12,13 The development of surface passivation is

therefore highly desirable for reduction of the surface elec-

tron sheet density. Recent results have shown that the surface

electron density in p-type In-polar c-plane InN is drastically

reduced for Mg-doping levels greater than 1019 cm�3, due to

compensation of the surface donors by Mg acceptors.14

However, the complete reduction of the downward band

bending and associated electron accumulation has not yet

been achieved.

Previous results have shown that deposition of sulfur

onto the surface of III–V semiconductors changes their sur-

face electronic properties.15–22 Therefore, sulfur treatment

could potentially remove or reduce electron accumulation at

the surface of InN films. Indeed, Bailey et al.21,23 showed

that for In-polar InN after ammonium sulfide, ðNH4Þ2Sx,

treatment the separation of the Fermi level and the valence

band maximum (VBM) at the surface was reduced by

�0.15 eV, indicating a �30% reduction of surface charge.

Similar results were reported for N-polar InN by Chang

et al.22 Moreover, exposing a sulfur treated In-polar InN

sample to air for a month did not change the position of the

surface Fermi level, indicating chemical passivation of the

surface.23

In this paper, the effect of sulfur treatment on the surface

Fermi level of highly Mg-doped InN ð>4� 1018 cm�3Þ is

investigated using x-ray photoemission spectroscopy (XPS).

A significant sulfur-induced reduction of the already low sur-

face electron sheet density is found from analysis of the data

using surface space-charge calculations.

II. EXPERIMENTAL DETAILS

Mg-doped InN samples were grown by plasma-assisted

molecular-beam epitaxy (PAMBE). The 1200-nm thick films

were grown on c-plane sapphire with a 3000–4000 nm GaN

template layer, provided by Lumilog. The Mg concentration,

varied by changing the Mg cell temperature, has previously

been determined by secondary ion mass spectrometry.14

High-resolution XPS measurements were performed at room

temperature using a monochromated Al� Ka X-ray source

and an Omicron SPHERA spectrometer at the University of

Warwick, operating at an overall resolution of 0.47 eV. The

Fermi level was calibrated from the position of the Fermi

edge of a clean Ag reference sample. Before ðNH4Þ2Sx treat-

ment, native oxides were observed by XPS core level analy-

sis at the surface of the Mg-doped InN samples. Therefore,
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the samples were etched in a 10 mol/l HCl solution for 60 s,

followed by rinsing in deionized water and dried in N2. XPS

analysis was performed at this stage and also after subse-

quent ex-situ ðNH4Þ2Sx treatment for 1 h at room tempera-

ture followed by another rinse in deionized water and drying

in flowing N2.

III. RESULTS AND DISCUSSION

The valence band (VB) edge XPS spectra for cleaned

and ðNH4Þ2Sx treated Mg-doped InN films are shown in

Figs. 1(a) and 1(b), respectively. The position of the surface

Fermi level (EFs) is determined by extrapolating the leading

edge of the VB spectra to the background level, accounting

for the finite resolution of the spectrometer.24

The lowering of the surface Fermi level with increasing

Mg concentration for untreated samples is observed, indicat-

ing a reduction of the electron accumulation which is caused

by compensation of surface donors by Mg dopant atoms.14 It

can be seen that the lowest value of 0.90 eV is obtained for

the sample with the highest Mg concentration ½Mg� ¼ 5:0
�1019cm�3. After ðNH4Þ2Sx treatment, the position of EFs is

shifted toward lower energies by �0.08 eV in all measured

samples, indicating that the surfaces have been electronically

passivated to some extent by the deposition of sulfur. A simi-

lar shift has also been observed in the core level spectra

(Figs. 2(a) and 2(b)). The In 3d5=2 and N 1s core level peaks

are asymmetric, displaying a high binding energy tail caused

by photoelectron energy losses due to plasmon excitations of

the surface electrons.25 As a result, curve fitting of these

peaks has not been performed. The S 2p spectrum, mean-

while, is fitted with three doublet peaks that are attributed

to In-S-In bonding (�161.0 eV), In-S-S-In bonding

(�162.0 eV) and elemental S (�163.5 eV). Similar results

have previously been obtained for undoped c-plane InN.23

The In 3 d:N 1s intensity ratio indicated of In adlayers

on each the InN sample investigated, however some residual

oxygen contamination remained following the surface

preparation, making detailed quantitative analysis of the In-

adlayer coverage difficult.

The measured values of the EFs before and after

ðNH4Þ2Sx treatment are presented in Fig. 1(c). Given a band

gap of 0.64 eV,26 the surface Fermi level before and after

ðNH4Þ2Sx treatment is located above the CBM; and above

the bulk Fermi level for all measured Mg-doped InN sam-

ples, indicating downward band bending at the surface in

each case.

The band bending and corresponding carrier concentra-

tion profiles as a function of depth from the surface of HCl

cleaned (dashed lines) and ðNH4Þ2Sx treated (solid lines)

Mg-doped InN films are shown in Fig. 3. These inversion

layer profiles were evaluated by numerically solving

Poisson’s equation within the modified Thomas-Fermi

approximation (MTFA),27 using the surface Fermi level

values determined from the XPS results, assuming all Mg

atoms act as acceptors and using a hole effective mass of

0:64me.14,28 The donor surface state density, nss, can be

obtained from the gradient of the band bending potential, V,

at the surface (z¼ 0),

nss ¼
eð0Þe0

e

dV

dz

�
�
�
�
z¼0

; (1)

where eð0Þ is the static dielectric constant of InN, e0 is the

permittivity of free space, and e is the electronic charge and

the surface sheet electron density, n2D, is found from the area

under the surface electron density peak in the carrier concen-

tration profile. After sulfur treatment, the density of donor sur-

face states decreases slightly, while the surface electron sheet

density decreases markedly, even if the band bending remains

still large in each case (Table I). This reduction of the surface

electron sheet density can be observed in the reduction of

the asymmetry in the In 3d5=2 and N 1s XPS spectra (Fig. 2).

For the sample with ½Mg� ¼ 5:0� 1019 cm�3, the surface

FIG. 1. (a) Valence band photoemission spectra of cleaned Mg-doped InN

for different Mg concentrations. (b) Valence band photoemission spectra of

ðNH4Þ2Sx treated Mg-doped InN samples. (c) Position of the Fermi level

with respect to the VBM at the surface as a function of Mg concentration for

untreated (filled circles) and ðNH4Þ2Sx treated (open circles) Mg doped InN

samples. The solid lines are a guide to the eye. The inset contains a compari-

son of the valence band photoemission data before and after ðNH4Þ2Sx treat-

ment for a film with ½Mg� ¼ 1:9� 1019 cm�3.
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sheet electron density decreases from 7:7� 108 cm�2 to

2:1� 108 cm�2, a reduction of �70%. The values obtained

from these calculations are presented in Table I. We have

recently shown that a significant reduction of the surface elec-

tron concentration in highly Mg-doped InN is caused by com-

pensation of the positively charged surface donor states by

near-surface Mg acceptors.14 The nature of the surface elec-

tron density reduction caused by ðNH4Þ2Sx treatment is differ-

ent from that reported in Ref. 14, where it has been shown

that increasing the Mg concentration lowers the Fermi level

to valence band maximum separation both at the surface and

in the bulk. This results in an increased density of donor sur-

face states, nSS, and a decrease in the surface sheet electron

density, n2D. In the present case, the ðNH4Þ2Sx treatment

reduces the separation between the Fermi level and the VBM

at the surface without any influence on the bulk. This results

in a decrease of both nSS and n2D. Therefore, the reduction of

surface electron sheet density comes from the transfer of

charge from the InN to the more electronegative sulfur atoms

or surface indium sulfide layer. This is achieved by the forma-

tion of both In-S-In and In-S-S-In bonding at the surface, as

observed in the XPS core level spectra (Fig. 2(c)). This is in

agreement with the previous results on undoped c-plane

InN,21 but in contrast to InAs where ðNH4Þ2Sx treatment

results in an increased surface Fermi level caused by sulfur

substitution on the group V sublattice, acting as a source of

donors.20,29 In the case of InN, the sulfur atoms do not act as

a source of donors because their substitution onto nitrogen

sites is prevented by the indium adlayers at the surface

of InN.

In the present study, a small shift in the surface Fermi

level (�0.08 eV) provides a large relative reduction in the

FIG. 2. Core level XPS spectra of

Mg-doped InN with ½Mg� ¼ 1:9
� 1019 cm�3 (a) In 3d5=2 peak for HCl

cleaned sample (opened circles) and

(NH4)2Sx-treated sample (filled

circles), (b) N 1s peak for HCl cleaned

sample (opened circles) and (NH4)2Sx-

treated sample (filled circles), and (c)

S 2p peak for (NH4)2Sx-treated sam-

ple. The S 2p peak is fitted with three

doublet peaks that are attributed to In-

S-In bonding (�161.0 eV), In-S-S-In

bonding (�162.0 eV) and elemental S

(�163.5 eV).

FIG. 3. The CBM, VBM, and CNL with respect to the Fermi level (dashed-dotted line), as a function of depth from the surface, for Mg concentrations of (a)

4.7� 1018 cm�3 and (b) 5.0� 1019 cm�3. The CNL is located high above the CBM. (c) and (d) show the carrier concentration profiles before (dashed line) and

after ðNH4Þ2Sx treatment (solid line), corresponding to (a) and (b), respectively. Note the carrier concentration scales are different for electrons and holes in (c)

and (d).
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surface electron sheet density of between 50% and 70% (see

Table I). This differs from previously reported studies on

sulfur passivated surfaces of undoped InN, where larger

shifts of �0.15 eV (Ref. 21) and 0.20 eV (Ref. 22) gave a

smaller relative reduction of 30%. One difference between

these two cases is that for the Mg-doped case, an surface

inversion layer is present, while for the undoped case there is

only a surface electron accumulation. In the inversion layer

case, the near-surface negatively charged Mg acceptors pro-

vide some of the compensation of the positively charged

donor surface states, giving a reduced density of electrons at

the surface. Small changes in the position of the surface

Fermi level caused by the presence of highly electronegative

sulfur atoms, give a significant relative lowering of the elec-

tron sheet density at the surface, even if the absolute change

of electron surface sheet density is small. In the case of n-

type InN, the reduction of the electron accumulation layer is

due only to the presence of sulfur and so a larger lowering of

the surface Fermi level position is required to give an equiv-

alent relative reduction of the surface sheet electron density.

IV. CONCLUSIONS

In conclusion, x-ray photoemission spectroscopy has

been used to investigate the influence of ammonium sulfide

on electron accumulation at the surface of highly Mg-doped

InN films. After ðNH4Þ2Sx treatment, a small shift in the sur-

face Fermi level (�0.08 eV) is observed towards lower

energy results in a reduction of the surface sheet electron

density by 50–70%. This is due to the transfer of charge

from the InN to more electronegative sulfur atoms or indium

sulfide, achieved by forming In-S-In and In-S-S-In bonds at

the surface, and the presence of Mg acceptors near the sur-

face. A complete reduction of electron accumulation has not

yet been achieved, but the results presented here indicate

that this might well be possible, especially for highly Mg-

doped InN, giving positive indications for fabrication of InN

p-n junctions.
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