THE UNIVERSITY OF

WARWICK

University of Warwick institutional repository: http://go.warwick.ac.uk/wrap

This paper is made available online in accordance with
publisher policies. Please scroll down to view the document
itself. Please refer to the repository record for this item and our
policy information available from the repository home page for
further information.

To see the final version of this paper please visit the publisher’s website.
Access to the published version may require a subscription.

Author(s): T. D. Veal, P. H. Jefferson, L. F. J. Piper, C. F. McConville, T.
B. Joyce, P. R. Chalker, L. Considine, Hai Lu, and W. J. Schaff

Article Title: Transition from electron accumulation to depletion at
InGaN surfaces

Year of publication: 2006

Link to published version: http://dx.doi.org/ 10.1063/1.2387976
Publisher statement: None


http://go.warwick.ac.uk/wrap
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=APPLAB&possible1=Veal%2C+T.+D.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=APPLAB&possible1=Jefferson%2C+P.+H.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=APPLAB&possible1=Piper%2C+L.+F.+J.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=APPLAB&possible1=McConville%2C+C.+F.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=APPLAB&possible1=Joyce%2C+T.+B.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=APPLAB&possible1=Joyce%2C+T.+B.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=APPLAB&possible1=Chalker%2C+P.+R.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=APPLAB&possible1=Considine%2C+L.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=APPLAB&possible1=Lu%2C+Hai&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=APPLAB&possible1=Schaff%2C+W.+J.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=APPLAB&ONLINE=YES&smode=strresults&sort=chron&maxdisp=50&threshold=0&possible1zone=article&bool1=and&possible2=warwick&possible2zone=aff&OUTLOG=NO&viewabs=APPLAB&key=DISPLAY&docID=12&page=1&chapter=0

APPLIED PHYSICS LETTERS 89, 202110 (2006)

Transition from electron accumulation to depletion at InGaN surfaces
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The composition dependence of the Fermi-level pinning at the oxidized (0001) surfaces of n-type
In,Ga,_,N films (0<x=<1) is investigated using x-ray photoemission spectroscopy. The surface
Fermi-level position varies from high above the conduction band minimum (CBM) at InN surfaces
to significantly below the CBM at GaN surfaces, with the transition from electron accumulation to
depletion occurring at approximately x=0.3. The results are consistent with the composition
dependence of the band edges with respect to the charge neutrality level. © 2006 American Institute

of Physics. [DOI: 10.1063/1.2387976]

The surface of InN thin films has recently been found to
exhibit electron accumulation, with the surface Fermi level
lying far above the conduction band edge.l’2 Similarly, at
InAs surfaces and interfaces, the Fermi level has long been
known to lie above the conduction band edge,3 resulting in
n-InAs/metal contacts exhibiting Ohmic behavior with elec-
tron accumulation layers rather than Schottky barriers with
depletion space charge regions. Moreover, it has been shown
that this is also true for In-rich In,Ga;_,As alloys, with the
barrier height varying as ®;=0.95—1.90x+0.90x%, implying
that the transition from positive to negative “barrier height”
occurs at x~0.8.*° However, no investigation has been re-
ported of the transition in InGaN alloys from electron accu-
mulation at InN surfaces to electron depletion at GaN sur-
faces.

In this letter, the composition dependence of the Fermi-
level position with respect to the band edges at In,Ga;_,N
surfaces is investigated using high-resolution x-ray photo-
emission spectroscopy (XPS). XPS has previously been used
to study the surface electronic properties of a wide range of
semiconductors.® While clean surfaces of both GaN and InN
have previously been obtained outside the growth
chamber,™® surface preparation remains very difficult and
would require a different method to be optimized for each
In,Ga,_ N composition. Consequently, the composition de-
pendence of the surface Fermi-level pinning has been studied
in the presence of the native oxide on the In,Ga,_N(0001)
surfaces. Knowledge of the surface Fermi level is important
for surface sensitive devices, such as chemical and biological
sensors, where an InGaN active layer is exposed to the en-
vironment. Indeed, the potential of InN’s surface for use as a
sensor has already been demonstrated by a study of its elec-
trical response to chemical exposures.9
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The GaN and Ing;4GayggN samples were grown on
c-axis sapphire by metal-organic chemical vapor deposition
(MOCVD). An initial low temperature GaN buffer layer was
deposited at 550 °C with a subsequent increase in substrate
temperature to 1050 °C for the GaN epilayer deposition. The
Ing 14GaggeN layer was grown at a reduced substrate tem-
perature of 830 °C. The In,Ga,_,N samples for which 0.43
<x=1.00 were grown on c-axis sapphire by molecular-
beam epitaxy (MBE). An initial nitridation of the sapphire at
200 °C was followed by the deposition at 800 °C of a
10-nm-thick AIN buffer layer and a GaN buffer layer grown
at 750 °C."° The In,Ga,_,N layers were grown to thick-
nesses between 100 and 500 nm at temperatures of between
480 and 600 °C. The free electron densities in the MBE-
grown samples range from 3 X 10" to 1 X 10'® cm™, with
electron mobilities ranging from 20 to 950 cm? V~! s~!. The
composition of the In,Ga,_ N layers was determined by
x-ray diffraction.

XPS analysis was performed using a Scienta ESCA300
spectrometer at the National Centre for Electron Spectros-
copy and Surface Analysis, Daresbury Laboratory, UK. This
consists of a rotating anode AlK, x-ray source (hv
=1486.6 €V), x-ray monochromator, and 300 mm mean ra-
dius spherical-sector electron energy analyzer with parallel
electron detection system. The analyzer was operated with
0.8 mm slits and at a pass energy of 150 eV. Gaussian con-
volution of the analyzer broadening with an effective line-
width of 0.27 eV for the x-ray source gives an effective in-
strument resolution of 0.45 eV. The Fermi-level position
(zero of the binding energy scale) was calibrated using the
Fermi-edge of an ion bombarded silver reference sample
which is regularly used to calibrate the spectrometer. The
valence band maximum (VBM) is determined by linearly
extrapolating the leading edge of the valence band to the
base line in order to account for the instrumental resolution-
induced tail."

The In 3d, Ga 2p, Ga 3d, N 1s, O ls, and C 1s core
levels were investigated with XPS to determine the nature of
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FIG. 1. (Color online) (a) Valence band XPS spectrum of InN in the region
of the valence band maximum. The binding energy scale is with respect to
the Fermi level E. The valence band maximum occurs at the intersection of
a line fit to the linear portion of the leading edge and the extended back-
ground line between the valence band maximum and the Fermi level. The
valence band maximum is estimated to lie 1.34+0.20 eV below the surface
Fermi level. (b) The valence band XPS spectra of In,Ga,_ N alloys for 0
=<x= 1. The binding energy scale is with respect to the Fermi level Ep.

the native oxide and other contamination on the In,Ga;_ N
surfaces. The native oxide consisted of group-III-O species,
with no evidence of N-O bonding. Additionally, adventitious
oxygen and hydrocarbons were also present on top of the
native oxide. The contamination layer thicknesses were esti-
mated from the XPS results to be between 1.5 and 2.5 nm on
the various InGaN samples.

A photoemission spectrum from InN in the region of the
valence band maximum is shown in Fig. 1(a). The linear
extrapolation of the leading edge of the valence band emis-
sion and the base line are also shown. The intersection of
these two lines indicates that the VBM is at 1.34 eV below
the surface Fermi level. Since InN has a band gap of 0.65 eV
at room temperature, this indicates that the surface Fermi
level is 0.69 eV above the conduction band minimum
(CBM), consistent with previous studies employing high-
resolution electron-energy-loss sg)ectroscopy and ultraviolet
photoemission spectroscopy.z’lz’1 Valence band photoemis-
sion spectra from a range of InGaN alloys are shown in Fig.
1(b). As the Ga content is increased in the alloy, the valence
band maximum shifts further away from the surface Fermi
level. When the change in band gap with composition is
considered, this corresponds initially to a lowering of the
surface Fermi level in the conduction band and then to the
surface Fermi level moving below the CBM.

The separation between the CBM and the surface Fermi
level or the barrier height (analogous to the Schottky barrier
height of a metal/semiconductor contact) has been deter-
mined from the photoemission data across the range of alloy
compositions and is shown in Fig. 2. The barrier height is
positive (negative) for Ga-rich (In-rich) alloys, correspond-
ing to the surface Fermi level lying below (above) the CBM.
The composition dependence of the barrier height is esti-
mated by the least squares method to be ®z=0.53-2.1x
+0.95x> for In,Ga,_,N, suggesting that the surface Fermi
level coincides with the CBM and the barrier height is zero
at x=0.29. This composition does not necessarily coincide
with the transition from surface electron depletion to accu-
mulation as the nature of the space charge region is deter-
mined in a particular sample by whether the bulk Fermi level
is above or below the surface Fermi level. However, for the
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FIG. 2. (Color online) (a) Variation of band gap E, and “barrier height” ®
(the separation between the Fermi level and the CBM) at the InGaN(0001)
surfaces with varying In concentration x in the presence of the native oxide.
The band gap points are for a bowing parameter of 1.4 eV (Ref. 14). The
barrier heights (®j) are derived by subtracting the experimental surface
Fermi level to VBM separation (£) from the band gap (®z=E,-§). Positive
values of ®; mean Fermi-level pinning in the band gap, while negative
values of ®; mean Fermi-level pinning within the conduction band (see
band schemes below). The line is a second order polynomial least squares fit
to the ®p data points (solid line). The dashed line indicates the zero of
energy. Insets (b) and (c) depict the upward band bending in a depletion
layer at a GaN surface and the downward band bending in an accumulation
layer at an InN surface, respectively.

MOCVD-grown GaN and Ing4,GaggsN samples studied
here, calculations of the bulk Fermi level corresponding to
the Hall-effect-measured free electron densities indicate that
it is above the surface Fermi level; a surface depletion layer
is present, as previously observed at the surface of MBE-
grown GaN." And for the samples with x=0.43, the bulk
Fermi level is below the surface Fermi level; surface electron
accumulation is exhibited.

The observed variation of surface Fermi-level position is
consistent with the alloy composition dependence of the
band edges with respect to the charge neutrality level or
branch-point energy (Eg), where the interface induced gap
states (IFIGS) change their charging character from donor to
acceptor type.24 The band edges and the observed surface
Fermi-level variation are shown with respect to E in Fig. 3.
For the In-rich alloys, the surface Fermi level is below Ep,
allowing donor-type IFIGS in the vicinity of E to be empty
and donate electrons into the accumulation layer. For the
Ga-rich alloys, the surface Fermi level is above Ep such that
acceptor-type IFIGS close to Ep are occupied, negatively
charged, and contribute to the electron depletion layer. The
observed surface Fermi level is also influenced by charge
transfer between the semiconductor and the more electrone-
gative native oxide and less electronegative group III
adlayers.s’24 Finally, the surface Fermi-level position deter-
mined by the XPS is an average over a finite depth from the
surface due to the exponential form of the attenuation length
of the photoelectrons. For degenerately doped InN, the short
screening lengths mean that the bands bend rapidly as a
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FIG. 3. (Color online) Conduction band edge (E.) and valence band edge
(Ey) of In,Ga,_,N as a function of x with respect to the universal branch-
point energy (Ej, dashed line). The relative position of the surface Fermi
level (Egg) as a function of x as determined from the photoemission is also
shown. The energy position of Ep at 2.35 eV above the VBM in GaN is
taken from the zero-charge-transfer Schottky barrier height (Refs. 5 and 16).
This was determined from measurements of different metal-GaN Schottky
barrier heights, combined with the concept of charge transfer across the
interface between materials of different electronegativities (Refs. 5 and 16).
This value is in agreement with the value of 2.37 eV calculated by Monch
(Ref. 17). For InN, Ejy is located at ~1.8 eV above the VBM, based on
previous studies of InN surface electron accumulation (Ref. 2), high energy
particle irradiation studies (Ref. 18), and the calculated value of 1.87 eV
(Ref. 19). The difference between the Ej values in these two end points of
the InGaN alloy is therefore 0.55 eV and corresponds to the valence band
offset (VBO) between InN and GaN. While there is one report of an
InN/GaN VBO as high as 1.05 eV (Ref. 20), other experimental and theo-
retical studies give a value of 0.5 eV (Refs. 21-23), very close to the dif-
ference in Ep values. The band gap bowing is shown entirely in the conduc-
tion band as E with respect to the VBM and is known to vary linearly with
alloy composition (Ref. 17).

function of depth,25 resulting in the XPS tending to slightly
underestimate the surface Fermi level. For the GaN, the free
electron density is significantly lower and the screening
length is correspondingly longer, making the XPS-measured
surface Fermi level a good estimate.

In conclusion, the composition dependence of the Fermi
level at the surface of In,Ga,_,N alloys has been determined
by XPS. The transition from positive to negative “barrier
height” occurs at x=0.29. The transition from surface elec-
tron depletion to accumulation is expected to occur at a simi-
lar composition but additionally depends on the bulk Fermi
level of particular samples. The observed surface Fermi level
positions are consistent with the concept of interface induced
gap states and the literature values for the branch-point en-

Appl. Phys. Lett. 89, 202110 (2006)

ergies in InN and GaN and the InN/GaN valence band offset
(VBO).
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