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Prior experimental work had found that the Fermi level at 

InN growth surfaces is pinned well above the conduction 

band edge, leading to strong surface band bending and 

electron accumulation.  Using cross-sectional scanning 

photoelectron microscopy and spectroscopy, we show 

definitive evidence of unpinned Fermi level for in situ 

cleaved a-plane InN surfaces.  To confirm the presence or 

absence of band bending, the surface Fermi level relative 

to the valence band edge was precisely measured by using 

the Fermi edge of Au reference sample and the core level 

of ultrathin Au overlayer.  It is confirmed that flat surface 

bands only occur at cleaved nonpolar surfaces, consistent 

with the recent theoretical predictions.
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The growth sur faces of InN exhibit a str ik ing 

phenomenon that an intrinsic electron accumulation layer 

can form in the near-surface region of n-type InN.  A large 

downward band bending was observed with the surface 

Fermi level (EF) pinned well above the conduction band 

minimum (CBM, EC).  This pinning position induces a two-

dimensional electron gas at the surface.  Moreover, the 

electron accumulation phenomenon was also found to 

be present at the surfaces of p-type InN, resulting in the 

formation of a surface inversion layer which masks the 

bulk p-type conductivity and makes the realization of InN-

based device applications extremely difficult.   Therefore, at 

present, it is of utmost importance to resolve the difficulty 

related to the unique surface electronic properties of InN.

The origin of the electron accumulation at the InN 

surfaces has been explained by the unusual position of 

branch-point energy EB (also called as charge neutrality 

level or Fermi-level stabilization energy) in InN, which has 

recently been determined to be about 1.83 eV above the 

valence band maximum (VBM, EV).  This implies that EF is 

well above the CBM in InN since the bandgap energy (Eg) 

of InN has been known to be about 0.65 eV.  Until now, 

this phenomenon had been thought to be universal for 

all growth surfaces of InN films, independent of surface 

preparation method, growth polarity (N-polar, In-polar, or 

nonpolar), and crystal structure (wurtzite or metastable 

zinc-blende phase).

Recently, Segev and Van de Walle suggested that the 

microscopic origin of donor-type surface states is mostly 

associated with In-In bonding states on the InN surfaces 

with In adlayers.  Furthermore, they have predicted that 

the phenomenon of surface electron accumulation will be 

absent on reconstructed nonpolar InN surfaces without In 

adlayers.  However, group-III metal adlayers, independent 

of the growth polarity, are favorable on the growth 

surfaces of III-nitrides, especially for the InN surfaces.  Here, 
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we report the first experimental evidence that in situ 

cleaved a-plane InN surfaces exhibit flat surface bands. 

A wurtzite N-polar (–c-axis, [000-1]-oriented), undoped 

InN/GaN/AlN heterostructure, consisting of a 2.4-μm-thick 

InN top layer, a 1.8-μm-thick GaN intermediate layer, and 

a 1-μm-thick AlN bottom layer, grown by plasma-assisted 

molecular beam epitaxy (PA-MBE) on Si (111) was used. 

Using the nitride epilayer samples grown on Si substrates, 

in situ cleavage becomes a viable approach to expose the 

clean, nonpolar {-1-120} surface (i.e., the a-plane) under 

ultra-high vacuum (UHV) conditions.  To investigate the 

cleaved surfaces which present a small cross section on 

the order of a few μm, a special experimental technique, 

scanning photoelectron microscopy and spectroscopy 

(SPEM/S), was applied to achieve the required spatial 

resolution.  The experiments were carried out at the 09A1 

beamline of the National Synchrotron Radiation Research 

Center (NSRRC), Hsinchu, Taiwan.  Samples were cleaved 

under UHV conditions in the SPEM/S chamber, in order 

to reveal clean and well ordered cross-sectional surfaces. 

The SPEM/S system used here utilizes a combination of 

Fresnel zone plate and order sorting aperture to focus 

the monochromatic (380 eV) soft X-ray (Fig. 1).  The beam 

size at the focal plane is about 100-200 nm.  The imaged 

samples were raster scanned relative to the focused 

X-ray spot.  The emitted photoelectrons are synchronized 

collected by a multiple-channel hemispherical electron 

energy analyzer.  By setting the electron collecting 

energy window of the analyzer to a characteristic core-

level emission while raster-scanning the sample, a two 

dimensional distribution of that particular element can be 

mapped.

The surface cleavage quality was confirmed by 

scanning electron microscopy (SEM).  Figure 2(a) shows 

the SPEM image of a cleaved a-plane InN cross-sectional 

surface, corresponding to the spatial distribution of In 

4d core-level emission.  Figure 2(b) presents the micro 

photoelectron spectroscopy (μ-PES) spectrum taken on 

the InN region.  The measured binding energy difference 

between the In 4d core level and the InN VBM is 16.84 eV 

(EIn 4d - EV).  It should be noted that this value is a material 

constant, independent of crystal polarity and band 

bending effects, and it is in good agreement with that 

reported earlier for InN.

In order to examine the presence or absence of surface 

band bending using the PES technique, it is necessary to 

measure the VBM to surface Fermi level energy separation 

(i.e., EV - EF).   A downward band bending can be inferred 

if the surface EF lies much higher in energy above the 

CBM than the bulk EF.   In contrast, under flat surface band 

conditions, the measured surface EV - EF should be very 

close to the bulk value (~Eg for the present n-type InN 

case).   In Fig. 2(b), the binding energy scale is relative to 

the Fermi level, which was calibrated with the Fermi edge 

of a clean Au reference sample placed on the same holder 

and was checked immediately before or after the μ-PES 

Fig. 1:  Sample probing geometry used in cross-
sectional SPEM/S for studying wurtzite III-
nitride heterostructures grown on Si(111) 
along the polar  –c-axis.  Conventional 
measurement geometry is also shown for 
comparison.  The a-plane cross-section is 
produced by in situ cleavage, and then placed 
under the focused synchrotron-radiation 
spot for  chemical  mapping and μ-PES 
measurements.  Conventional measurement 
geometry is also shown for comparison.  
In this work, both methods were applied 
for in situ cleaved and as-grown surfaces, 
respectively.
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measurements of freshly cleaved InN surfaces, as shown 

in the inset of Fig. 2(b).  The measured values of EV - EF at 

several cleaved a-plane surfaces of InN all fall into the range 

of 0.50 ± 0.1 eV.   It should be noted that this value is much 

lower than the reported EV - EF) values (1.4 - 1.8 eV) in the 

literature and is very close to the expected bulk Fermi level 

position (~Eg), indicating the absence of band bending for 

the in situ cleaved a-plane InN surface.

In addition, in situ deposition of an ultrathin metal 

layer on a clean InN surface can be used to determine the 

surface EF position.  For the case of cleaved InN surfaces 

with an in situ deposited Au overlayer, we used the Au core 

level (Au 4f7/2) for precise measurement of the EV - EF value 

at the cleaved a-plane InN surface.  In PES, the Au 4f7/2 

energy level (74.0 ± 0.1 eV relative to the Au Fermi edge) 

is common to be used as an “internal” reference because 

of its small intrinsic line width.  The second material 

parameter which we can utilize is the EIn 4d - EV constant 

[shown in Fig. 2(b)].   By using this material parameter, after 

locating the position of surface EF, the energy separation 

of EV - EF can be derived from the binding energy of In 4d 

core level relative to EF.

In our study, an ultrathin (~6 ML) Au layer was 

deposited by a carefully calibrated electron-beam 

evaporator onto the cleaved a-plane surfaces.  The Au 

film morphology was checked by SEM to be very smooth. 

Figure 3(a) shows a μ-PES spectrum obtained after Au 

deposition, in which all of the PES peaks associated with 

the Au 4f and In 4d core levels, as well as the valence bands 

(Au and InN) and the Au Fermi edge [see inset of Fig. 3(a)] 

are visible.  By aligning the In 4d core level of the μ-PES 

spectrum before and after Au deposition [Fig. 2(b)], the In 

4d binding energy relative to the Au Fermi edge can 

be found to be 17.34 eV.  Consequently, the value of 

EV - EF can be inferred to be 0.5 ± 0.1 eV (= 17.34 – 16.84 eV), 

as shown in the inset of Fig. 3(a).  Compared to the as-

cleaved case, the measured EV - EF value on the cleaved 

InN surface covered with an ultrathin Au layer is basically 

identical within our energy resolution, indicating that the 

Au overlayer does not induce significant surface band 

bending.

In Fig. 3(b), we illustrate the key difference between 

the cleaved and growth surfaces of InN using PES data 

obtained on the same sample (–c- vs. a-face, see Fig. 1). 

For this measurement, the growth surface was partially 

coated with a Au overlayer through a shadow mask.  By 

using a broad synchrotron-radiation beam, the Fermi 

edge technique can be applied to determine the EV - EF 

value.  The obtained value of 1.54 ± 0.10 eV is in good 

agreement with previous reports and indicates a large 

downward band bending.  It should be noted that the 

binding energy of In 4d relative to the surface Fermi level 

is 18.30 eV as determined by using the bulk-derived In 

Fig. 2:  (a) SPEM image of the a-plane cleavage 
surface of an InN epitaxial layer.  The In 4d 
chemical mapping acquired by SPEM shows 
a good agreement with the growth structure.  
(b) μ-PES spectrum taken on the region of InN 
layer.  By linearly extrapolating the leading 
edge of the valence-band spectrum to the 
base line, the VBM position can be precisely 
located.  The binding energy scale is relative to 
the Fermi level, which was calibrated with the 
Fermi edge of a clean Au reference sample, as 
shown in the inset.
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4d component.  This binding energy is about 1 eV larger 

than that on the cross-sectional a-plane surface, which is 

another strong indication of large difference in surface 

band bending.   Besides, the measured EIn 4d - EV value on 

the –c-plane growth surface is 16.76 eV, consistent with the 

value obtained on the cross-sectional surface of the same 

sample.  Figure 3(c) displays the two-dimensional energy 

band diagram based on the measured EV - EF values and 

Fig. 3:  Photoelectron spectra of cleaved and grown 
surfaces of InN for determination of the VBM 
to surface Fermi level energy separations (EV 
-EF).  (a) μ-PES spectra measured from the 
cleaved a-pane InN surface before and after 
in situ deposition of an ultrathin Au overlayer. 
Using this technique, the Au 4f and In 4d 
core levels and the Au Fermi edge can all be 
resolved in the same spectrum for precise 
measurement of EV -EF.  The binding energy 
scale is relative to the Au Fermi edge.  (b) PES 
spectra measured with a broad synchrotron-
radiation beam on the grown – c-plane InN 
surface.  This surface was partially coated with 
a Au overlayer through a shadow mask and 
the insets show the measurement positions. 
(c) Two-dimensional energy-band diagram of 
cleaved and growth surfaces of InN based on 
the measured values of EV -EF in (a) and (b).

the known bandgap energy of InN.  It can be clearly seen 

that the absence of surface band bending can only occur 

at the cleaved a-plane surface of InN.

In summary, we provide here the definite evidence 

for the existence of unpinned nonpolar InN surfaces. 

Experimental data unambiguously show the absence of 

band bending for the in situ cleaved a-plane InN surface. 

Furthermore, our results indicate that the in situ deposited 

gold overlayer could serve as a good metallic contact for 

the unpinned InN surface without inducing significant 

surface band bending.  This work was supported by grants 

from the National Science Council, Taiwan.◆
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