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Absence of Fermi-Level Pinning at Cleaved Nonpolar InN Surfaces
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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 both 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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Indium nitride (InN), because of its narrow direct band
gap [1,2] and superior electron transport properties, has
recently emerged as a technologically important semicon-
ductor for use in near-infrared optoelectronics, high-
efficiency solar cells, and high-speed electronics. The cur-
rent obstacle for extensive fundamental studies and wide-
spread applications of InN is mostly related to its unique
surface electronic properties, resulting from the exception-
ally large electron affinity. In particular, it has been found
that the growth surfaces of InN exhibit a striking phenome-
non that an intrinsic electron accumulation layer can form
in the near-surface region of n-type InN. This phenomenon
has been experimentally confirmed by a variety of different
techniques [3,4]. A large downward band bending was
observed with the surface Fermi-level (Er) pinned well
above the conduction band minimum (CBM, E.), which is
even more extreme than that at the indium arsenide (InAs)
surfaces (the only other III-V compound semiconductor
which exhibits this phenomenon) [5,6]. This pinning posi-
tion induces a two-dimensional electron gas at the surface.
Recently, quantum states of electrons in the InN surface
accumulation layer have been directly observed by high-
resolution angle-resolved photoemission spectroscopy [7].
Moreover, the electron accumulation phenomenon was
also found to be present at the surfaces of p-type InN
[8], 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 elec-
tronic properties of InN.

The origin of the electron accumulation at the InN
surfaces has been explained by the unusual position of
branch-point energy Ep (also called as charge neutrality
level or Fermi-level stabilization energy) in InN [9,10],
which has recently been determined to be about 1.83 eV
above the valence-band maximum (VBM, Ey) [11]. This
implies that Ep is well above the CBM in InN since the
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band gap energy (E,) 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, indepen-
dent of surface preparation method, growth polarity (N-
polar, In-polar, or nonpolar), and crystal structure (wurtzite
or metastable zinc-blende phase) [12].

Recently, based on their first-principles calculations,
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 phe-
nomenon of surface electron accumulation will be absent
on reconstructed nonpolar InN surfaces without In adlayers
[13]. However, group-IIl metal adlayers, independent of
the growth polarity, are favorable on the growth surfaces of
III-nitrides, especially for the InN surfaces [14—16]. In this
Letter, we report the first experimental evidence that in situ
cleaved a-plane InN surfaces exhibit flat surface bands. By
contrast, all the growth surfaces of InN (—c- and a- plane)
studied by us and others exhibit a large downward surface
band bending.

For this study, a wurtzite N-polar (—c-axis,
[0001]-oriented), undoped InN/GaN/AIN heterostructure,
consisting of a 2.4- um-thick InN top layer, a 1.8- um-thick
GaN intermediate layer, and a 1-um-thick AIN bottom
layer, was grown by plasma-assisted molecular beam epi-
taxy (PA-MBE) on Si (111). The detailed growth process
was described elsewhere [17]. The formation of relaxed
InN, GaN, and AIN lattices in this heterostructure with the
—c-axis perpendicular to the Si(111) plane was confirmed
by synchrotron-radiation x-ray diffraction. All nitride epi-
layers were found to follow the following epitaxial rela-
tionship: (I 120),n/Gan/ain [l [110]s;. The unintentional
n-type carrier concentration in the InN layer was deter-
mined by Hall measurement to be 1.2 X 10" cm™? (it
should be noted that the bulk carrier density might be lower
due to surface electron accumulation). Using the nitride
epilayer samples grown on Si substrates, in situ cleavage
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becomes a viable approach to expose the clean, nonpolar
{1120} surface (i.e., the a-plane) under ultrahigh vacuum
(UHV) conditions.

To investigate the cleaved surfaces which present a small
cross section on the order of a few um, a special experi-
mental technique, cross-sectional scanning photoelectron
microscopy and spectroscopy (SPEM/S) [18], was applied
to achieve the required spatial resolution. The experiments
were carried out at the 09A1 beam line of the National
Synchrotron-Radiation ~Research Center (NSRRC),
Hsinchu, Taiwan. Samples were cleaved under UHV con-
ditions 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 monochro-
matic (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 (u-PES) spectrum taken on the InN region.
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FIG. 1 (color). Sample probing geometry used in cross-
sectional SPEM/S for studying wurtzite IlI-nitride heterostruc-
tures 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 chemi-
cal mapping and u-PES measurements. In this work, both
methods were applied for in situ cleaved and as-grown surfaces,
respectively.

The measured binding energy difference between the In 4d
core-level and the InN VBM is 16.84 eV (Eq, 44 — Ey). 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 [19,20].

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., Ey — Er). A downward band bending can be inferred
if the surface Er lies much higher in energy above the
CBM than the bulk E. In contrast, under flat surface band
conditions, the measured surface Ey — Ep should be very
close to the bulk value (~E, 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 u-PES
measurements of freshly cleaved InN surfaces, as shown in
the inset of Fig. 2(b). The measured values of Ey, — Ep at
several cleaved a-plane surfaces of InN all fall into the
range of 0.50 = 0.10 eV. It should be noted that this value
is much lower than the reported Ey, — Ep values (1.4—
1.8 eV) in the literature [11] and is very close to the
expected bulk Fermi-level position (~E,), indicating the
absence of band bending for the ir situ cleaved a-plane InN
surface.
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FIG. 2 (color). (a) SPEM image of the a-plane cleavage sur-
face of an InN epitaxial layer. The In 4d chemical mapping
acquired by SPEM shows a good agreement with the growth
structure. (b) u-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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In addition, in situ deposition of an ultrathin metal layer
on a clean InN surface can also be used to determine the
surface Er position [20]. However, the unusually large
affinity in InN implies the possibility of induced downward
band bending resulting from metal-adlayer donor-type
states. In such a case, the Fermi-level might be moved
closer to Ep (~1.8 eV above the VBM) than that before
metal deposition. Here, we choose Au as the contact metal
because the fact that it has the highest electronegativity and
a large work function among metals (in the Pauling’s
electronegativity scale, Au: 2.54, In: 1.78, Cs: 0.79). For
the case of cleaved InN surfaces with an in situ deposited
Au overlayer, we used the Au core level (Au 4f;/,) for
precise measurement of the £y, — Ej value at the cleaved
a-plane InN surface. In PES, the Au 4f;/,, 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 linewidth. The second material parameter
which we can utilize is the Ep, 4; — Ey constant [shown in
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FIG. 3 (color). Photoelectron spectra of cleaved and grown
surfaces of InN for determination of the VBM to surface
Fermi-level energy separations (Ey — Ef). (a) w-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 £y, — Ep. 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 Ey —
Ep in (a) and (b).

Fig. 2(b)]. By using this material parameter, after locating
the position of surface Er, the energy separation of Ey —
Er can be derived from the binding energy of In 4d core
level relative to Ej.

In our study, an ultrathin (~6 ML) Au layer was depos-
ited by a carefully calibrated electron-beam evaporator
onto the cleaved a-plane surfaces. The Au film morphol-
ogy was checked by SEM to be very smooth. Figure 3(a)
shows a u-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 the inset of Fig. 3(a)] are
visible. By aligning the In 4d core-level of the u-PES
spectrum before and after Au deposition, the value of £}, —
Ep can be inferred to be 0.50 *0.10 eV(= 17.34 —
16.84 V), as shown in the inset of Fig. 3(a). Compared
to the as-cleaved case, the measured Ey, — E value on the
cleaved InN surface covered with an ultrathin Au layer is in
the same range within our energy resolution (=0.1 eV),
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 ob-
tained 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 tech-
nique can be applied to determine the Ey, — E value. The
obtained value of 1.54 = 0.10 eV is in good agreement
with previous reports and indicates a large downward band
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FIG. 4 (color). Photoelectron spectra of an epitaxial a-plane
InN film grown on r-plane sapphire. This film was partially
covered with a Au overlayer. The PES spectra were measured on
the Au-free region (upper) and on the interface region (lower),
respectively. The spectra are aligned to the In 4d core-level,
revealing the energy separation of 1.65 eV between the VBM
(determined from the Au-free region) and the surface Fermi-
level (determined from the Au/InN interface region).
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bending [12]. 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 4d component
(the fitting procedure is described in Ref. [19] for InN
growth surfaces). 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 Ep,4; — Ey 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 Ey, — Ep
values and the known band gap energy of InN. It can be
clearly seen that the absence of surface band bending only
occurs at the cleaved a-plane surface of InN.

For comparison, Fig. 4 shows the PES spectra obtained
from the growth surface of an a-plane InN film partially
coated with a Au overlayer. This film was grown on an
r-plane {1102} sapphire substrate by PA-MBE with an
n-type carrier concentration of 1.3 X 10'° cm™3. From
previous theoretical and experimental studies, it has been
suggested that the growth surfaces of InN are covered by In
adlayers, independent of the film polarity [15,16]. Since
the microscopic origin of surface donor states has been
suggested to be In-In bonding states due to the In adlayers,
it is important to compare between cleaved and grown
a-plane surfaces of InN. Indeed, for the as-grown surface,
we have confirmed a Ey, — Ep value of 1.65 = 0.10 eV,
indicative of the existence of large downward surface band
bending.

It is interesting to compare the present findings with the
known results for the nonpolar InAs surfaces. In particular,
it has been known that, on the freshly cleaved InAs(110)
surface, the surface accumulation layer is initially absent
and is formed after gas and metal adsorption [21-23].
Depending on the chemical species of adsorbates, the
surface Fermi-level was found to shift 0.1-0.6 eV above
the CBM. Aristov et al. also reported that the metal-
induced band bending has the trend of inverse proportion-
ality with the electronegativities of metal adlayers [22].
This correlation could be explained by the charge transfer
between the metal adlayer and the underlying semiconduc-
tor, resulting from the difference in their electronegativities
[24]. We suggest that a similar mechanism might also exist
for the present metals-on-InN case.

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.

In contrast, all the growth surfaces of InN (polar or non-
polar) with In adlayers exhibit a large downward surface
band bending. 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.
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