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a  b  s  t  r  a  c  t

InGaN  layers  with  multiple  quantum  wells  are  widely  used  as  active  layers  in advanced  optoelectronic
devices.  In  the  present  work,  surface  properties  of  some  InGaN  layers  grown  on  GaN/sapphire  substrates
by plasma-assisted  molecular  beam  epitaxy  were  examined.  The  total  indium  content  incorporated  in
the crystalline  lattice  of In0.165Ga0.835N and  In0.353Ga0.647N layers  grown  with  a thickness  of  70–200  nm
was controlled  by the  growth  temperature,  and  was  determined  from  X-ray  diffraction.  Auger  electron
spectroscopy  and  X-ray  photoelectron  spectroscopy  analysis  reveal  relatively  smaller  concentration  of
In  within  the  surface  area  than  in  the  bulk  of  the InGaN  layers.  The  Ar+ XPS  depth  profile  analysis  shows
the  thick  InGaN  layers  to be  chemically  homogeneous  within  an analytical  area.  To  determine  the elec-
tron  inelastic  mean  free  path  in  the layers  within  the  500–2000  eV  range,  relative  elastic-peak  electron
hotoelectron spectroscopies
-ray diffraction

spectroscopy  measurements  with  Ni and  Au  standards  were  performed.  The  measured  IMFPs  were  con-
siderably  larger  than those  predicted  from  the  TPP-2M  formula.  The  smallest  root-mean-square-deviation
and  the  mean  percentage  deviation  of 9.9 Å and  44.5%,  respectively,  were  found  between  EPES IMFP  data
and those  predicted  for the  In0.353Ga0.647N layer  with  respect  to the  Au  standard.  This work  provided  the
detailed  compositional  and  chemical  changes  of  InGaN  thick  layers,  and  could  be  useful  in  solving  key

e  grow
issues associated  with  th

. Introduction

For the last decade, GaN and Ga-rich InGaN compounds have
een successfully implemented in advanced photonic and opto-
lectronic devices operating in the blue and ultraviolet frequency
ange. In addition, indium gallium nitride is of special interest to
he solar energy industry because of its highly tunable band gap,
igh heat capacity and low sensitivity to ionizing radiation [1].  It

s already known that the low-temperature growth of the thick
nGaN layer results in the low crystalline quality and the inhomo-
eneous distributions of In content in the layer [2].  Piner et al. [3]
eported that indium droplets may  form, which acts as sink for
nN, preventing the low-temperature growth of InGaN layers with
igh In content. Indium droplet formation is a common problem in

nGaN growth [4],  especially in the In-rich InGaN layer. It reveals
hat formation of indium droplet can be seen as a way of indium

oss. Furthermore, at low temperatures the crystalline quality of
he layer is inferior at due to poor surface mobility of the ad-atoms,
esulting in the three-dimensional growth. In addition, InGaN com-

∗ Corresponding author.
E-mail address: mkrawczyk@ichf.edu.pl (M.  Krawczyk).
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th  of  high-quality  layer  with  much  higher  In  content.
© 2011 Elsevier B.V. All rights reserved.

pounds suffer from phase separation because of the strain produced
by large lattice mismatch (due to very different tetrahedral radii)
between InN and GaN. Therefore, the large size difference between
Ga and In atoms makes growth of InxGa1−xN, particularly for x > 0.2.

One of the widely discussed features of InGaN compounds is
the compositional inhomogeneity, which is usually considered as a
compositional fluctuation or phase separation in the alloy growth
[5–8]. Based on X-ray diffraction (XRD) and optical absorption stud-
ies, Singh and co-workers [5] provided a strong evidence of phase
separation in InGaN thick films grown by molecular beam epi-
taxy (MBE). These studies have shown that up to 30 at.% indium
can be easily incorporated in InGaN bulk films. Further increase
of the indium concentration results in phase separation of indium
nitride. Chen et al. [9] observed the spontaneous formation of
nanometer-size compositional inhomogeneities on InGaN (0 0 0 1)
surfaces prepared by MBE. These surface structures consisted either
vacancy islands or ordered vacancy rows. The spontaneous forma-
tion of such structures was  shown to be driven by a significant strain
in the surface layers, and by the relative weakness of the In–N bond

compared to Ga–N. Theory indicates [9] that In will preferentially
locate at the edges and interior of the structures, thereby giving
rise to an inhomogeneous In distribution at the surface. Effects
due to phase separation in InGaN were clearly identified [6] as

dx.doi.org/10.1016/j.jallcom.2011.07.052
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mkrawczyk@ichf.edu.pl
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tive analysis showed that the surface of all as-grown InGaN layers
was contaminated with oxygen (up to 16 at.%), and with carbon
(up to 9 at.%). The In/Ga, N/In, N/Ga and N/In + Ga atomic ratios
of both the In0.165Ga0.835N and In0.353Ga0.647N layers were about

Table 1
Surface composition (in at.%) of the as-grown Ga-rich InxGa1−xN layers (In bulk
content x = 0.165 and 0.353).
566 M. Krawczyk et al. / Journal of Alloy

aving major effects on the performance of devices, in particular
ight-emitting diodes (LEDs) and injection lasers.

Despite significant progress in InGaN technology, the fun-
amental studies on these materials are rather limited. In the
ublished papers the physical and chemical properties of GaN
nd InN were mostly discussed [10–15].  Some recently pub-
ished papers reviewed the fundamental properties of InGaN layers
14,16,17] and only few addressed the problems of thick InGaN
ayers with medium and high In contents [5,18].

It is known that the optical properties of InGaN-based semicon-
uctors depend on their surface and sub-surface region properties.
enerally, only the chemical composition is considered as an

ndicative surface factor. Nevertheless, it is still a lack of experi-
ental data in which the chemical composition is correlated with

he electron transport description within the surface area of such
emiconductors.

The inelastic mean free path (IMFP) of electrons is a basic
arameter for quantification of the surface-sensitive electron
pectroscopies, e.g. Auger electron spectroscopy (AES) and X-ray
hotoelectron spectroscopy (XPS) [19]. This parameter is defined
s the average of distances, measured along the trajectories, that
lectrons with a given energy travel between inelastic collisions in

 substance [20,21]. Recent advances in quantitative AES and XPS
nalyses, and the important role of the IMFP in the accurate quan-
ification of both techniques has been reviewed by Jablonski [19].
n extensive database of IMFP values in elements, and inorganic or
rganic compounds has been published [22]. However, the IMFPs
or InGaN compounds are still lacking. They can be obtained from
he NIST Database 71 [23] or calculated using the TPP-2M predic-
ive formula [24], which is applicable for any solid. Moreover, IMFPs
an be also measured experimentally by elastic-peak electron spec-
roscopy (EPES) [25,26]. Recently, EPES has been successfully used
o measure the IMFPs in selected wide band-gap semiconductors,
.g., GaN [27], SiC [28] and Cd0.88Mn0.12Te [29].

The relative EPES method requires the measurements of the
lastic backscattering intensity from an examined material and
rom a reference, e.g. Ni, Cu, Ag, and Au, which are recommended
or use as the reference materials [22]. Principles of relative EPES

easurement procedures have already been described in detail
lsewhere [26].

In this paper, we examined surface- and subsurface properties
chemical composition and its variation in depth, electron trans-
ort) of the two InGaN layers grown on GaN/sapphire substrates
sing a combination of AES, XPS and EPES. Application of these
urface-sensitive analytical techniques allowed: (i) to detect the
urface composition and chemistry of InGaN thick layers as-grown;
ii) to evaluate the influence of 2 keV Ar+ ion-bombardment on the
urface composition and chemistry of the layers; (iii) to find experi-
entally the IMFP of 500–2000 eV electrons in the examined layers.

. Experimental details

.1. Growth of InGaN compounds

The (70–200)-nm thick InGaN layers were deposited on Ga polarity (0 0 0 1)
 �m thick GaN/sapphire substrates by plasma-assisted molecular beam epitaxy
PAMBE). The In-rich conditions were used to achieve high quality growth. The
omposition of the In content was controlled by growth temperature. Details of the
AMBE reactor, growth configuration, and the processing parameters were similar
o  those previously reported [30].

.2. Characterization of bulk In content in InGaN compounds

X-ray diffraction (XRD) reciprocal space map  analysis of two as-grown InxGa1−xN

ompounds reveals the bulk In content x to be 16.5 and 35.3 at.%. These values agree
ell  with the ellipsometric analysis data of the InxGa1−xN energy gap (x = 20 and

4  at.%) [30]. The XRD reciprocal space mapping reveals also that these InGaN layers
re  relaxed. Details of both XRD and optical characterization techniques used here
ere published in Ref. [30].
Compounds 509 (2011) 9565– 9571

2.3. Characterization of surface and subsurface In content in InGaN compounds

The as-grown InGaN samples were analysed ex situ in separate ultrahigh vacuum
(UHV) systems using AES, XPS and EPES techniques.

The AES measurements were carried out using the MICROLAB 350 spectrome-
ter (Thermo VG Scientific) with a spherical sector analyzer. The Auger spectra were
taken at the normal incidence of the primary electron beam (Ep = 2 keV). AES quan-
tification was based using the software Avantage (ver. 4.30, Thermo Fisher Scientific)
on the Ga LMM  (1064 eV), In MNN  (404 eV) and N KVV (385 eV) peak intensities. The
same  spectrometer was also used in EPES measurements.

High-resolution XPS measurements were performed using a PHI 5000
VersaProbeTM spectrometer with microfocused and monochromatic Al K� radiation.
Details of the spectrometer and its arrangement were recently reported by Jablon-
ski [31]. The spectrometer was equipped with a spherical capacitor energy analyzer
with multi-channel detection within a 100 �m × 100 �m area for XPS analysis. The
X-ray beam was  incident at the surface at the angle of 45◦ with respect to the sur-
face  normal. The analyzer axis was  also located at 45◦ with respect to the surface
normal. For high-resolution XPS spectra, the analyzer pass energy was  23.5 eV and
the  energy step size was 0.1 eV. XPS quantification was based using the Multiline
software [31] on the In 3d, In 3p, Ga 2p, Ga 3s, N 1s, C 1s and O 1s binding-energy
regions. XPS depth profiles were obtained using 2 keV Ar+ beam with normal inci-
dence rastered over a 2 mm × 2 mm surface area. The Ar+ sputter rate was in the
range 1.4–10 nm min−1, as measured on a SiO2/Si reference sample. The XPS depth
profiling data were analysed using the software MultiPak (ver. 9.0.1, ULVAC-PHI).

2.4. EPES evaluation of the energy dependence of electron IMFP in InGaN
compounds

The elastic electron backscattering probabilities from thick InGaN layers were
measured using the MICROLAB 350 spectrometer. These measurements were
accompanied with similar experiments performed for both the Ni and Au standards,
i.e.  the samples for which the IMFP are known. During the measurements, the elec-
tron analyzer was  used at the normal angle of incidence and the angle between its
entrance and the surface normal was  60◦ . The external acceptance half-angle of the
analyzer was 10◦ but its internal acceptance half-angle was changeable in the angle
range 3◦–7◦ . Relative EPES measurement procedures applied in the present work
were already described in details elsewhere [26,29]. The electron energy depen-
dence of the IMFP for the actual InGaN surface composition was determined within
the energy range 500–2000 eV. Prior to EPES measurements, both the InGaN sam-
ple and microcrystalline mirror Ni or Au sample were in situ sputter-cleaned by
2  keV Ar+ ions (at the incidence angle of 30◦ with respect to surface normal) until no
evidence for surface contamination was  detected in AES/XPS analysis. The surface
cleanliness of the studied sample and standard material was  also monitored after
the EPES measurements.

3. Results and discussion

3.1. Surface composition and chemistry of the as-grown InGaN
compounds

As-grown InxGa1−xN samples of various In contents (x = 0.165
and 0.353) were analysed by XPS. An exemplary survey XPS spec-
trum for the as-grown In0.165Ga0.835N layer, as determined by XRD,
is shown in Fig. 1. From this spectrum, fifteen photoelectron lines
(In 4p, In 4s, In 3d5/2, In 3d3/2, In 3s, In 3p3/2, In 3p1/2, Ga 3p, Ga
3s, Ga 2p3/2, Ga 2p1/2, Ga 2s, N 1s, C 1s, O 1s) were selected for
quantitative analysis. The elemental atomic concentrations data on
surfaces of In0.165Ga0.835N and In0.353Ga0.647N as-grown layers are
listed in Table 1 and the calculated In/Ga, N/In, N/Ga, and N/In + Ga
atomic ratios are given in Table 4. In addition, In concentrations
at the as-grown layer surfaces are shown in Table 2. XPS quantita-
Bulk composition In Ga N C O

In0.165Ga0.835N 10.4 31.9 31.6 9.2 16.9
In0.353Ga0.647N 10.7 35.8 34.3 3.3 15.9



M. Krawczyk et al. / Journal of Alloys and Compounds 509 (2011) 9565– 9571 9567

F
u

0
f
p
e
c
i
(
t
l
a
G

a
C
X
c
c
d
i
[
o
I
t
a
B
f
i
a
(

T
C
s
e
t
s

Fig. 2. The AES spectrum of the InxGa1−xN layer (x = 0.353) acquired using MICROLAB
350 spectrometer prior to EPES measurements.

Table 3
Surface composition (in at.%) of the Ga-rich InxGa1−xN layers (In bulk content
x  = 0.165 and 0.353) after 2 keV Ar+ ion-sputtering.

Bulk composition In Ga N C O
ig. 1. The XPS survey spectrum of the as-grown InxGa1−xN layer (x = 0.165) acquired
sing PHI 5000 VersaProbeTM spectrometer.

.3, 3, 1 and 0.75 (Table 4), respectively, indicating that their sur-
ace was Ga- and N rich. As shown in Fig. 1, the N 1s XPS peak
artially overlaps the Auger Ga MNN  peak. As result a slight over-
stimation of the nitrogen surface contents can be observed what
an implicate lowering of surface concentration of indium. In fact,
ndium surface contents are calculated to be only about 10 at.%
see Tables 1 and 2) what is much lower than the bulk In con-
ent (x = 16.5 and 35.3 at.%, as determined by XRD). However, the
ower In surface concentration in the as-grown InGaN samples can
lso be explained by possible inhomogeneous distribution of In and
a atoms [9,32].

The surface chemical states of PAMBE-grown InGaN layers were
lso studied with XPS. For this analysis, the In 3d5/2, Ga 2p3/2, N 1s,

 1s, and O 1s photoelectron peaks were selected. Based on the
PS analysis, an assignment of the photoelectron peaks to various
hemical states of the as-grown In0.165Ga0.835N and In0.353Ga0.647N
omponents is presented in Table 5. The In 3d5/2 peak can be
econvoluted into three peaks, i.e. metallic In at BE = 444.0 eV [33],

ndium bonded oxygen in the oxide In2O3 form at BE = 444.6 eV
33], and indium nitride bonded oxygen, forming the complex
xide InNxOy, at BE = 445.6 eV [33,34]. In contrast to the as-grown
n0.165Ga0.835N layer, we do not detect the metallic indium at
he surface of In0.353Ga0.647N layer. The Ga 2p3/2 peak analysis
llow distinguish two chemical states of gallium: metallic Ga at
E = 1116.1 eV [35], and gallium bonded oxygen in the oxide Ga2O3

orm at BE = 1118.1 eV [35,36]. The N 1s peak can be decomposed

nto four components resulting nitrogen bonded to gallium (GaN)
t BE = 397.3 eV [34,37],  nitrogen bonded to hydrogen forming NH3
x < 3) at BE = 398.5 eV [34,38],  nitrogen bonded to oxygen (NO3) at

able 2
hange in the indium surface concentration (in at.%) determined by XPS/AES analy-
es  of the as-grown Ga-rich InxGa1−xN layers (In bulk content x = 0.165 and 0.353 are
stimated from the XRD analysis) under low-energy Ar+ ion bombardment. Quan-
ification of XPS and AES data was performed using Multiline [31] and Avantage
oftwares, respectively.

In bulk concentration
(at.%)

Treatment In surface
concentration (at.%)

XRD XPS AES

16.5 As-grown 10.4 –
1  keV Ar+-sputtered – 11.3
2  keV Ar+-sputtered 6.6 –

35.3 As-grown 10.7 –
1  keV Ar+-sputtered – 19.5
2  keV Ar+-sputtered 7.8 –
In0.165Ga0.835N 6.6 63.2 25.9 – 4.3
In0.353Ga0.647N 7.8 63.5 25.3 – 3.5

BE = 399.7 eV [34], and nitrogen bonded to hydrogen forming NH3
at BE = 401.3 eV [34]. Three components of O 1s peak have the BE
located at 530.5, 531.3 and 532.4 eV, which can be assigned to oxy-
gen bonded to indium (In2O3) or gallium (GaxOy) [33,39],  oxygen
bonded to gallium forming Ga2O3 [33], and oxygen bonded to nitro-
gen in the NO3 form, respectively. For the as-grown In0.353Ga0.647N
layer, the O 1s peak shifts towards larger BE for about 0.5 eV.

Careful XPS analysis of oxidation states of In, Ga and N on the
as-grown InGaN layer surfaces reveal composition of native oxides
In2O3, InNxOy, GaxOy, Ga2O3, and NO3 in addition to the main Ga2O3
component.

3.2. Surface composition and chemistry of the InGaN compounds
under Ar-ion sputtering

In order to get better insight in chemical surface composition of
as grown InGaN layers, we  applied a short time Ar+ sputtering pro-
cedure to remove carbon-like surface contaminants. Both AES and
XPS were used for surface analysis of such sputter-cleaned InGaN
layers.

Fig. 2 shows the Auger spectrum from the In0.353Ga0.647N layer
after 2 keV Ar-ion sputtering and before EPES measurements. The
indium and other elemental concentrations (in at.%), and the In/Ga,

N/In, N/Ga, and N/In + Ga atomic ratios at the surface sputtered
with Ar+ ions of both In0.165Ga0.835N and In0.353Ga0.647N layers are
shown in Tables 2–4.  The presented results show that Ar+ sputter-
ing removes efficiently the whole carbon adsorbed on the surface,

Table 4
Atomic ratios of In/Ga, N/In, N/Ga, and N/In + Ga in surface region of the Ga-rich
InxGa1−xN layers (In bulk content x = 0.165 and 0.353) prior to and after 2 keV Ar+

ion-sputtering.

Bulk composition Treatment In/Ga N/In N/Ga N/In + Ga

In0.165Ga0.835N As-grown 0.33 3.04 0.99 0.75
Sputtered 0.10 3.92 0.41 0.37

In0.353Ga0.647N As-grown 0.30 3.20 0.96 0.74
Sputtered 0.12 3.24 0.40 0.35
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Table 5
Binding energies (BE) and relative spectral areas obtained from the fit of the XPS spectra recorded from the as-grown Ga-rich InxGa1−xN layers (In bulk content x = 0.165 and
0.353).

Sample Element Core level BE (eV) Relative spectral area (%) Assignment

In0.165Ga0.835N In 3d5/2 444.0 5 Metallic In
3d5/2 444.6 48 In2O3

3d5/2 445.6 47 InNxOy

Ga 2p3/2 1116.1 2 Metallic Ga
2p3/2 1118.1 98 Ga2O3

N 1s 397.3 27 GaN
1s 398.5 6 NHx (x < 3)
1s 399.7  2 NO3

1s 401.3 1 NH3

C 1s 285.0 100 –CH
O  1s 530.5 34 In2O3, GaxOy

1s 531.3 52 Ga2O3

1s 532.4 14 NO3

In0.353Ga0.647N In 3d5/2 444.6 77 In2O3

3d5/2 445.6 23 InNxOy

Ga 2p3/2 1116.4 4 Metallic Ga
2p3/2 1118.3 96 Ga2O3

N 1s 397.2 28 GaN
1s  398.2 9 NHx (x < 3)
1s  399.2 3 NO3

1s 400.6 2 NH3

C 1s 285.0 100 –CH

l
i
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l
l
i
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t
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b
s

T
B
x

O 1s
1s 

1s 

eaving a small (about 4 at.%) concentration of oxygen contam-
nation. However, the Ar+ sputtering removes also partially the
urface In and N atoms, causing the formation of Ga rich surface.
s result, the atomic ratios of In/Ga, N/Ga and N/In + Ga become

ower and the N/In ratio increases, especially for the In0.165Ga0.835N
ayer (Table 4). For the In0.353Ga0.647N layer, the latter value slightly
ncreases from 3.20 prior to sputtering to 3.24 after 1 min  sputtering
ime (Table 4).

The Ar+ sputter-induced rearrangement of surface composi-
ion accompanied by metallic gallium appearance was observed
y Chang et al. [40]. The GaInN surface exposed to the 2 keV

+
r ion beam was found to be preferentially sputtered [41].
uch phenomenon was observed also for GaN, where the Ar ion
ombardment caused preferential depletion of nitrogen from the
urface [27,42],  resulting in a Ga-rich surface. A preferred loss of

able 6
inding energies (BE) and relative spectral areas obtained from the fit of the XP spectra r

 = 0.165 and 0.353).

Sample Element Core level B

In0.165Ga0.835N In 3d5/2

3d5/2

3d5/2

Ga 2p3/2 1
2p3/2 1

N 1s 

1s  

1s  

O 1s 

1s 

In0.353Ga0.647N In 3d5/2

3d5/2

3d5/2

Ga 2p3/2 1
2p3/2 1

N 1s 

1s  

1s  

O 1s 

1s 

1s
531.0 57 In2O3, GaxOy

531.8 35 Ga2O3

533.1 8 NO3

In with respect to Ga can also be explained [43,44] by much lower
bond energy of InN (7.7 eV/atom) than GaN (8.9 eV/atom).

Careful analysis of elemental core-level XPS spectra was car-
ried out to characterize the chemical nature of components on Ar+

sputter-cleaned InGaN layers. Table 6 shows the binding energies
and relative spectral areas of convoluted peaks fitting all considered
photoelectron lines, and their chemical assignment. The chemical
rearrangement of the InGaN layer due to Ar+ etching is evidenced
by direct comparison of the XPS data taken before (Table 5) and
after (Table 6) Ar+ sputter-cleaning. From Table 6 is visible that
after argon ion bombardment, the XPS peak associated with indium

and gallium oxides diminish and contributions of metallic In and
GaN are emerged in the In 3d5/2 and Ga 2p3/2 photoelectron lines,
respectively at BE = 443.8 eV [39] and BE = 1116.8 eV [34], respec-
tively. Generally, the XPS results for argon-bombarded InGaN layers

ecorded after 2 keV Ar+ ion-sputtering of Ga-rich InxGa1−xN layers (In bulk content

E (eV) Relative spectral area (%) Assignment

443.8 58 Metallic In
444.6 34 In2O3

445.5 8 InNxOy

116.9 79 GaN
118.3 21 Ga2O3

397.0 17 GaN
398.2 3 NHx (x < 3)
399.7 1 NO3

530.8 72 In2O3, GaxOy

532.4 28 NO3

443.8 59 Metallic In
444.5 34 In2O3

445.4 7 InNxOy

116.8 79 GaN
118.2 21 Ga2O3

396.9 17 GaN
398.0 3 NHx (x < 3)
399.3 1 NO3

530.4 38 In2O3, GaxOy

531.2 38 Ga2O3

532.6 24 NO3
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Fig. 3. The XPS sputter depth profiles of the InxGa1−xN layer (x = 0.353). The relative
atomic concentration depth distribution of oxygen, carbon, gallium, indium and
n
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Fig. 4. Comparison of measured and predicted IMFPs for the two nitrides, contain-
ing  GaN compound, as a function of electron energy: (a) the actually studied ternary

2 2

T
E
c
N

itrogen evaluated from the O 1s, C 1s, Ga 2p, In 3d, and N 1s XPS peaks, respectively,
re  shown as a function of sputter time (a sputter rate is 10 nm min−1 relative to a
00-nm-thick SiO2/Si layer).

Table 6) evidence the presence of the native oxide, consisting of
he group III elements-O, In–N–O, N–O and N–H species, on GaN
ompound with metallic In content.

In order to examine the bulk composition of the InGaN layers, we
sed the XPS depth profiling technique, which allows evaluate the
elative atomic concentration of oxygen, carbon, gallium, indium
nd nitrogen in depth of sample as a function of sputter time. The
esult of such analysis is presented in Fig. 3. The depth-profiles of
ll elements indicate that the 100 nm thick In0.353Ga0.647N layer
an be considered as a homogeneous layer within an analytical
rea. Carbon and oxygen contents decrease rapidly in the depth
f about 10 nm,  and then remain undetectable. The In, Ga and N
tomic concentrations are rather constant throughout the layer.

.3. Inelastic mean free path of 500–2000 eV electrons in the
nGaN compounds

Prior to EPES measurements, the InxGa1−xN compounds were
putter-cleaned using 2 keV Ar+ ions etching for 1 min. Following
his procedure, only a small amount of oxygen was  detected by XPS
n the InGaN compound surface.

The IMFP values for these compounds were determined for elec-

ron energies of 500–2000 eV. The values obtained using relative
PES measurements are shown in Fig. 4(a) and Table 7, together
ith IMFPs calculated using the TPP-2M predictive formula [24]

or both compounds. For comparison, Fig. 4(b) shows also the mea-

able 7
PES-measured and TPP-2M IMFP values predicted from Eq. (1) for Ga-rich InxGa1−xN 

alculated using Eq. (2), are shown in separate columns. EPES IMFP, RMS  and R values in t
i  standard.

Bulk composition Energy (keV) IMFPs (Å) 

EPES

In0.165Ga0.835N 0.5 18.8(17.2) 

1  30.0(34.1) 

1.5 41.1(40.6) 

2  53.8(54.5) 

In0.353Ga0.647N 0.5 19.5(17.4) 

1  27.3(30.6) 

1.5 37.3(34.9) 

2  49.5(45.6) 
InxGa1−xN layers (x = 0.165 and 0.353); (b) the recently studied bulk GaN single crys-
tal  [27]. Symbols show measured IMFPs using the relative EPES measurements. Lines
represent IMFPs predicted from the TPP-2M equation [24].

sured and calculated IMFPs published in Ref. [27] for binary GaN
single crystal. The TPP-2M formula [24] for predicting the IMFP, �,
as a function of electron energy, E (in eV) is

� = E
(1)
Ep [  ̌ ln(�E) − (CE) + (DE )]

Ep = 28.8

√
Nv�

M
(1a)

layers (In bulk content x = 0.165 and 0.353). RMS  and R deviations from TPP-2M,
he brackets are related to the Au standard while the other values correspond to the

Deviation from TPP-2M

TPP-2M RMS  (Å) R (%)

11.6
19.2
26.2
32.8

14.4(15.2) 59.8(61.7)

11.7
19.3
26.3
33.0

11.4(9.9) 50.0(44.5)
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here Ep is the free-electron plasmon energy (in eV), Nv is the num-
er of valence electrons per atom or molecule (for InGaN), � is the
ensity (in g cm−3), M is the atomic or molecular weight while ˇ, � ,

 and D are material-dependent parameters. These parameters are
orrelated to simple material properties like the band-gap energy
g, �, and a valence electron density parameter U = Nvp/M.  Values of
he four parameters ˇ, � , C and D are calculated from Eqs. (4a)–(4d)
ublished in Ref. [24]. For the In0.165GaN and In0.353GaN nitrides,
alues of Eg, Ep, and � are 2.75 and 2.08 eV, 21.3 and 20.6 eV, and 6.26
nd 6.38 g cm−3, respectively. For these nitrides Nv = 8 is calculated
rom the sum of contributions from each constituent element (i.e.,
v for each element multiplied by the stoichiometric coefficient for

hat element) [23].
On close inspection of Fig. 4 and Table 7, we notice that the EPES

MFP values in In0.165Ga0.835N and in In0.353Ga0.647N are similar,
owever, they are larger than the IMFPs for GaN. Considerable devi-
tion between the measured and predicted IMFPs can be ascribed to

 different structure of currently studied samples than the structure
f the GaN crystal. The measured IMFPs for InGaN samples seem to
e reliable since they were obtained from measurements involving
wo standards. It seems that the deviation of the measured IMFPs
rom the predicted IMFPs can be largely ascribed to the TPP-2M for-

ula [24]. One should stress the fact that in the derivation of the
PP-2M, no IMFP data for inorganic compounds were used.

To compare numerically the EPES-determined IMFPs without
orrections for surface excitations with the corresponding pre-
icted IMFPs, a statistical analysis of the data was made using the
oot-mean-square deviation (RMS) and the mean percentage devi-
tion (R). These parameters were calculated from

MS  =

√√√√1
r

r∑
n=1

(�n − �theory)2

 = 100
1
r

r∑
n=1

∣∣∣∣�n − �theory

�theory

∣∣∣∣ (2)

here r is the total number of experimental inelastic mean free path
alues �n uncorrected for surface excitations for In0.165Ga0.835N
nd In0.353Ga0.647N (in the present work, calculations were made
or a number of IMFPs, r = 4) and �theory denotes the IMFP value
alculated from the TPP-2M equation [24] at a particular electron
nergy. The RMS  and R deviations resulting from Eq. (2) for the two
xamined InGaN layers are also shown in Table 7. The observed
eviations are relatively large (see Table 7), however, they are sim-

lar for both Ni and Au standards. The smallest RMS  and R deviations
f 9.9 Å and 44.5%, respectively, are found between EPES IMFP data
Au standard) and those predicted using the TPP-2M (Eq. (1))  for
he In0.353Ga0.647N layer. However, it should be noted that the IMFP
alues resulting from EPES are strictly limited to the surface region,
hereas the calculated IMFP values refer to the bulk of the solid.

For comparison, Fig. 4(b) shows the already published energy
ependence of IMFP in GaN [27]. For this sample with the perfect
rystal structure, the measured IMFPs are in good agreement with
hose predicted. Krawczyk et al. [27] have found the RMS  and R
alues of 1.4 Å and 8.1%, respectively. These values indicate high
onsistency between measured and predicted IMFPs for the GaN
ingle crystal.

It seems that the observed discrepancies between the measured
nd predicted IMFPs originate from: (i) the reliability of theoreti-
al model of electron transport used in EPES method for ternary

itrides, (ii) the accuracy of the input parameters used in EPES
ethod (e.g. IMFP value for the standard material, sample den-

ity, and elastic scattering cross sections) and (iii) the higher level
f compositional and structural imperfections present in the InGaN

[
[
[
[
[
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thick layers. Based on the obtained results, we may  expect that the
major contribution to the inaccuracies in EPES IMFPs is rather the
lack of accuracy of the presently available models for elastic elec-
tron scattering in ternary nitride layers with the low crystalline
quality, and the inhomogeneous distribution of In content in the
layer.

4. Conclusions

The present AES-XPS study provided new experimental data
related to compositional and chemical characterization of InGaN
thick layer surfaces, and could be useful in solving key issues asso-
ciated with the growth of high-quality layer with much higher In
content. From the XPS multiline analysis, the surface atomic con-
tent of indium was  found to be only about 10 at.% (x = 0.1). This
value is much lower than the corresponding bulk value (x = 0.165
and 0.353) determined from the XRD measurement. Mostly, such
In-deficient surface is formed as result of inhomogeneous distribu-
tions of In in the thick InGaN microstructures of the low crystalline
quality. However, the composition of examined layers, as deter-
mined by XPS depth profiling analysis, was found to be uniform
over a 100 �m × 100 �m area in bulk of thick layers. The as-grown
InGaN layer surface was covered by native oxides (In2O3, InNxOy,
GaxOy, Ga2O3, and NO3), and contaminants originated from carbon-
like species. Good agreement was  obtained between quantification
of surface elemental composition from XPS and AES spectra.

The content of surface carbon and oxygen contaminants, as well
as indium and nitrogen components, was efficiently reduced after
2 keV Ar+ sputtering. However, the argon-ion etching induced also
formation of Ga-rich surface with metallic indium and nitride-
based components.

The EPES measurements applied without corrections for surface
excitations, involving the Ni and Au standards, were found to be a
useful method for determination of the IMFP in the examined lay-
ers. The experimental IMFPs were larger than those calculated from
the TPP-2M equation [24]. These differences may  be accounted for,
at least partially, by the compositional and structural imperfection
of the InGaN compound.
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