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Hydrogen adsorbed at N-polar InN: Significant changes in the surface electronic properties
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The interaction of atomic hydrogen and ammonia with as-grown N-polar InN surfaces is investigated using
in situ photoelectron spectroscopy. Changes in the surface electronic properties, including the band alignment and
work function, as well as the chemical bonding states of the substrate and adsorbates are characterized. Ammonia
molecules are dissociating at the InN surface, resulting in adsorption of hydrogen species. Consequently, the
considerable changes of the chemical and electronic properties of the InN surface during ammonia interaction are
almost identical to those found for adsorption of atomic hydrogen. In both cases, hydrogen atoms preferentially
bond to surface nitrogen atoms, resulting in the disappearance of the nitrogen dangling-bond-related occupied
surface state close to the valence band edge at ∼1.6 eV binding energy and the formation of new occupied
electron states at the conduction band edge. Furthermore, a decrease in work function during adsorption from
4.7 to 3.7–3.8 eV, as well as an increase in the surface downward band bending by 0.3 eV, confirm that hydrogen
is acting as electron donor at InN surfaces and therefore has to be considered as one main reason for the
surface electron accumulation observed at N-polar InN samples exposed to ambient conditions, for example as
the dissociation product of molecules. The measured formation and occupation of electronic states above the
conduction band minimum occur in conjunction with the observed increase in surface electron concentration and
underline the relationship between the energy position of occupied electron states and surface band alignment
for InN as a small-band-gap semiconductor.

DOI: 10.1103/PhysRevB.91.245305 PACS number(s): 73.20.At, 73.20.Hb, 81.05.Ea, 82.80.Pv

I. INTRODUCTION

Indium nitride belongs to the class of III-V semiconductor
materials with a low band gap [1–3] and electronic properties
that provide a great potential for use in electronic and
optoelectronic devices [4,5]. However, device realization is
still a challenge, especially due to the high intrinsic bulk
electron concentration, but also because of the preferred
formation of an electron accumulation layer at InN surfaces
and its interfaces with other materials [6,7]. During recent
years, substantial progress has been made in understanding the
reasons that lead to the high surface electron concentrations.
Thus, the assumption of electron accumulation being an in-
trinsic property of all InN surfaces [8] was disproved by in situ
characterization of as-grown and ultrahigh-vacuum- (UHV-)
cleaved polar and nonpolar InN surfaces [9–11]. Furthermore,
it was shown that several chemical treatments as well as the
interaction of InN surfaces with certain adsorbates [12–21]
allow the band bending and the electron density at the surface
to be significantly influenced. In this context, experimental
studies have shown, in agreement with predictions from
density functional theory (DFT) calculations [22–24], that
the formation and energetic position of surface states due to
surface reconstructions, the formation of In adlayers, and the
interaction with adsorbates play important roles [9,25].

Hydrogen is predicted to significantly influence the elec-
tronic properties of InN. Theoretical investigations [26,27] as
well as experimental results [28–36] reveal that hydrogen is
acting as an electron donor in InN, increasing the bulk and sur-
face electron concentrations. In this context, the better quality
of InN samples grown by molecular beam epitaxy compared
to samples prepared by metal-organic vapor phase epitaxy
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(MOVPE) was attributed to the higher hydrogen concentration
introduced via the NH3 precursor used in the MOVPE growth
process [37]. Density functional theory studies of monatomic
hydrogen in InN predict that it can be incorporated either as the
interstitial species Hi with two different stable configurations
in the InN host matrix (the antibonding or the bond-center con-
figuration) or as substitutional hydrogen on nitrogen sites HN

[27,38]. Interstitial hydrogen species strongly bond to nitrogen
while substitutional hydrogen bonds to four indium atoms in
a multicenter configuration, acting as a double donor [27,38].

Apart from its impact as a bulk impurity, hydrogen at InN
surfaces is rarely studied experimentally. Mainly theoretical
work has been performed concerning the stability and lowest-
energy surface structures of hydrogen adsorbed at nonpolar
and semipolar InN surfaces [39,40] as well as hydrogen
species as decomposition products from ammonia dissociated
at polar InN surfaces [41–43]. The first experimental studies
were published by Bhatta et al. [44–46], who investigated N-
terminated InN surfaces by high-resolution electron-energy-
loss spectroscopy (HREELS) and discussed N-H bonds as
possible sources for surface electron accumulation.

In this paper, we present a detailed experimental study of
the interaction of hydrogen and ammonia with N-polar InN
surfaces using in situ photoelectron spectroscopy. We discuss
hydrogen-induced modifications of InN surface properties,
including the formation of additional electron states above the
conduction band minimum, changes in the surface band align-
ment, the work function, and the formation of surface dipoles.

II. EXPERIMENT

N-polar InN (0001) films were grown by plasma-assisted
molecular beam epitaxy on N-doped C-face SiC(0001) sub-
strates with a thin GaN buffer layer. After epitaxial growth,
the samples were transferred to the analysis chamber without
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interrupting the ultrahigh-vacuum conditions (base pressure
below 2 × 10−10 mbar) and characterized in situ by x-ray and
UV photoelectron spectroscopy (XPS and UPS). More details
about the epitaxial growth and experimental equipment can be
found elsewhere [19,47].

To investigate their interaction with adsorbates, the as-
grown N-polar InN samples were exposed at room temper-
ature to hydrogen (purity 99.999%, pH2 = 2.0 × 10−8 mbar)
or ammonia (purity 99.9999%, pNH3 = 9.0 × 10−9–1.0 ×
10−8 mbar) by backfilling the analysis chamber. Prior to
each adsorption experiment, the gas supply lines were
thoroughly evacuated to a pressure below 1.0 × 10−7 mbar
and subsequently filled with 0.5 bar of the respective gas
used for the measurement. The molecular hydrogen was
additionally activated by a hot filament to obtain atomic
hydrogen species. During exposure, the residual gas was
monitored by quadrupole mass spectrometry to control the
gas purity and ensure the absence of impurities. The pressure
was measured with a Bayard-Alpert ionization gauge and used
without any further correction to calculate the exposure in
langmuirs (1 L = 1.33 × 10−6 mbar s). According to these
calculations up to 100 L hydrogen and 15 L ammonia were
offered. However, one should note that for hydrogen, due to
a limited cracking efficiency, the actual amount of atomic
species produced is below the calculated total hydrogen
exposure. Furthermore, partial activation of NH3 due to hot
filaments of the pressure gauge or the mass spectrometer in
the chamber cannot completely be ruled out. Therefore, a
comparison between absolute exposure values should be made
carefully.

III. RESULTS

Figure 1 shows XPS spectra of the In 3d5/2 core levels
measured during the continuous exposure of the InN surface to
hydrogen (left) and ammonia (right). The binding energies of
the In 3d5/2 and N 1s (not shown) states after epitaxial growth
are 443.8 and 396.2 eV, in agreement with earlier experiments
on as-grown N-polar InN samples [19]. Interaction of the
InN(0001) surface with hydrogen as well as ammonia leads to

FIG. 1. (Color online) Changes in the XPS In 3d5/2 core level
spectra during hydrogen (left) and ammonia (right) exposure.

FIG. 2. (Color online) (a) Core level shift �Vbb to higher binding
energy and (b) variation of work function � of N-polar InN surfaces as
functions of adsorbate exposure for interaction with hydrogen (blue)
and ammonia (red).

a shift of the core level binding energies to higher values. In
Fig. 2(a), this shift is plotted as a function of exposure for the
measurements shown in Fig. 1. In both cases the core levels
shift by ∼0.3 eV to higher values with increasing exposure,
resulting in In 3d5/2 and N 1s binding energies of 444.1 and
396.5 eV, respectively. These values are comparable to those
of as-grown In-polar or N-polar InN films that have been
subsequently stored in UHV for several days [19]. The valence
band maximum (VBM), as determined by linear extrapolation
of the trailing edge of the XPS VB spectra, is shifted by the
same quantity, starting at about 1.0 eV for as-grown N-polar
InN.

Variations in core level and VBM binding energies reflect
changes in the surface band bending, which is schematically
drawn in Fig. 3. With a band gap of about 0.67 eV and
a bulk Fermi level around 0.2 eV above the conduction
band minimum (CBM) [48,49], the as-grown N-polar surface
exhibits almost flatband conditions with a bend bending
(Vbb) around ±0.1 eV [9]. Consequently, hydrogen as well
as ammonia exposure leads to an increase in the surface
downward band bending of �Vbb ∼ 0.3 eV, resulting in a
higher surface electron concentration.

Additionally, changes in the work function � were mea-
sured by UPS (He I), applying a sample bias of −3 V to assure
the measurement of the correct onset of secondary electron
emission, which was determined by linear extrapolation to
zero. The work function of as-grown N-polar InN is typically
in the range between 4.6 and 4.7 eV. The change of � as a
function of hydrogen exposure is plotted in Fig. 2(b). It exhibits
a nonlinear monotonic decrease, reaching a value of 3.8 eV
at the end of the experiment. The interaction with ammonia
also leads to a decrease of � to a value in the range between
3.6 and 3.7 eV. However, in accordance with the observed
immediate increase in band bending, the work function change
is completed after exposure of the first 0.1 L of ammonia. The
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FIG. 3. (Color online) Schematic diagram of the surface band
bending Vbb for as-grown (black) and adsorbate-covered (blue:
hydrogen, red: ammonia) N-polar InN surfaces. Additionally, changes
in the work function �� and the resulting values of ��dip due to the
effective surface dipole are illustrated.

changes in work function are also depicted in the schematic
surface energy diagram in Fig. 3. Based on the experimentally
determined values of the changes in band bending �Vbb and
work function ��, it is possible to estimate changes in the
effective surface dipole at the adsorbate-covered InN surface:
��dip = �Vbb + ��. For hydrogen ��dip is about − 0.6
eV and for ammonia − 0.7 eV (see Fig. 3). Hence, in both
cases a surface dipole is formed with its positive side pointing
away from the sample surface.

To obtain information about the chemical bonding of
hydrogen and ammonia with InN(0001) surfaces, XPS In 3d5/2

and N 1s spectra, measured before (black) and after (blue or
red) adsorbate exposure, are compared in Fig. 4. Additionally,
spectra of as-grown In-polar InN (see Ref. [9]) are added in
gray. The difference spectra at the right top site are calculated
by subtracting the gray spectrum of as-grown In-polar InN
from the blue and red spectra of the adsorbate-covered N-polar
InN, and fitted with two components at 398.9 and 397.9 eV
binding energy.

Besides the peak shift already discussed, a comparison
between the shape of XPS spectra of as-grown and adsorbate-
covered N-polar InN (Fig. 4) reveals most notably the forma-
tion of a pronounced tail at the high-binding-energy side of the

FIG. 4. (Color online) In 3d5/2 and N 1s core level spectra of
as-grown N-polar InN (black), after exposure to 100 L hydrogen
(blue) or 15 L ammonia (red). Equivalent spectra of as-grown In-
polar InN surfaces from Ref. [9] are added in gray. All spectra are
normalized to the same peak height. N 1s difference spectra were
calculated by subtracting the spectra of as-grown InN(0001) from the
corresponding spectra of adsorbate-covered InN(0001) surfaces and
fitted by two peaks (see upper right corner).

In 3d and N 1s core level spectra after exposure. Taking into
account the higher surface electron concentration, an increase
in the peak asymmetry due to plasmon losses is expected
[50]. Since adsorbate-covered N-polar InN surfaces exhibit
a comparable band bending to that of contamination-free as-
grown In-polar InN [9], the comparison of the corresponding
XPS spectra allows identification of the plasmon-loss-induced
contributions to the peak asymmetry. The In 3d core level peak
shapes are almost identical, and consequently the observed
changes in peak asymmetry are mainly induced by plasmon
losses, while the formation of an additional adsorbate-induced
chemical bond to surface In atoms is not evident. Comparable
results were also found when analyzing the In 4d spectra.
The In 4d state measured by UPS using He II radiation is
illustrated in Fig. 5. The spectrum of the as-grown sample
(black) exhibits the typical In 4d spin-orbit splitting with the
maximum of the In 4d5/2 state at 17.0 eV. Hydrogen adsorption
results in a modified In 4d shape, which can be solely explained
by the adsorbate-induced changes in surface band bending
and electron density as already discussed for the In 3d core
level. Consequently, we found – as for the In 3d state – no
evidence for additionally formed In-adsorbate chemical states.
In contrast, the formation of additional nitrogen bond states at
398.9 and 397.9 eV binding energy can be observed in the N
1s spectra (Fig. 4). Although both surface reactions result in
similar chemical adsorbate states, the component at 398.9 eV
is higher in intensity for N-polar InN surfaces exposed to
ammonia (see the N 1s difference spectra in the top right
corner of Fig. 4).

Furthermore, adsorbate-induced changes in the UPS and
XPS valence band spectra were investigated (see Fig. 5). Since
the changes are almost identical for hydrogen and ammonia
exposure, only the spectra for hydrogen exposure are shown
in Fig. 5. The XPS VB spectrum of as-grown N-polar InN
is characterized by two main structures at ∼2.5 and 6.2 eV
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FIG. 5. (Color online) Valence band spectra of N-polar InN
surfaces measured using He II (bottom), monochromated Al Kα

(center) and He I (top) radiation before (black) as well as during
and after hydrogen exposure (blue).

with a higher intensity of the latter [9]. Hydrogen as well as
ammonia exposure leads to a change in the intensity ratio
between these two structures. Pronounced new hydrogen-
induced components cannot be identified in the XPS VB
region, although one might speculate about a slight intensity
increase around 8 eV. Such a weak intensity increase also
occurs in the He II VB spectrum (lower region of Fig. 5),
while the UPS He I spectra (upper region of Fig. 5) do not
show any additional adsorbate-induced VB component in this
energy region. The He I measurements clearly demonstrate the
saturation of the nitrogen dangling-bond-induced surface state
at 1.6 eV [9] induced by the adsorption of hydrogen. The high
reactivity of this surface state was already observed during the
interaction of N-polar InN with oxygen [19].

An obvious change in the electronic structure can be
observed at the Fermi edge EF (see the enlarged He I spectra
in Fig. 6) after exposure to hydrogen (left) or ammonia (right).
After growth (black lines), an emission at the Fermi level is
observed due to the degeneracy of InN and the existence of
occupied bulk states in the CB. Interaction with hydrogen or
ammonia results in additional occupied electron states in the
region between zero and 1.0 eV binding energy.

Comparable adsorption experiments as for hydrogen and
ammonia were also performed using ethane (purity 99.95%,
pC2H6 = 1.0 × 10−9–1.0 × 10−8 mbar, exposure 100 L) as
another hydrogen-containing molecule. The analyses of ethane
interaction revealed no significant changes in the chemical
and electronic properties of the substrate: no formation of
carbon- or hydrogen-related components in the XPS or UPS
spectra was found, the band bending did not increase, and the
surface state emission at the VBM did not disappear. Besides
documenting the low reactivity of ethane, these measurements
prove that the observed changes during hydrogen and ammonia
interaction are not affected by side reactions due to reactive

FIG. 6. (Color online) UPS He I spectra of N-polar InN showing
the electron emission above the valence band maximum. Interaction
with hydrogen (blue) or ammonia leads to the formation of additional
electron states in the region between zero and 1.0 eV binding energy.
Spectral contributions from satellite lines (He Iβ,γ ) were removed in
this figure by subtraction of their relative intensities.

molecules from the residual gas in the UHV chamber or
contaminations in the gas inlet used.

IV. DISCUSSION

The experimental results demonstrate a strong modification
of the surface electronic properties of N-polar InN due to
the interaction with hydrogen and ammonia. As has been
already demonstrated in former studies, as-grown N-polar
InN surfaces exhibit a reduced downward band bending in
comparison to as-grown In-polar InN films or samples that
have been stored under ambient conditions due to differences
in the surface structure and the energetic position of surface
electronic states [9,19]. Typically the VBM lies 0.8–1.0 eV
below the Fermi level. Exposure to hydrogen or ammonia
leads to an increase in energy distance between the surface
Fermi level and VBM by 0.3 eV (see Fig. 3). In parallel, the
core level binding energies and the peak asymmetry, related
to surface plasmon losses [50], increase. These changes can
be explained by an increase in the surface downward band
bending, as illustrated in Fig. 3, tantamount to an increase
in surface electron concentration. Additionally, a decrease
in the work function was measured during the adsorption
experiments, leading to an additional potential of − 0.6 to
− 0.7 eV caused by an effective surface dipole. Consequently,
the adsorbed species, which are bound to the topmost surface
atoms, partially transfer electron charge to the InN surface
(which increases the InN surface electron density) and form
a surface dipole with its positive side pointing away from
the surface. From theoretical investigations [26,27] as well as
experimental results [28–36], it is known that hydrogen acts as
electron donor in InN, increasing the bulk and surface electron
concentrations. Our investigations, especially the interaction
experiments with pure hydrogen, endorse and underline these
results.
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The magnitude of the band bending and the electron
concentration profile at the surface are directly linked to each
other and depend on the bulk electron concentration of the
InN film as well as the surface sheet carrier density, which is
connected with the density of surface states. These values can
be calculated by solving the Schrödinger and Poisson equa-
tions self-consistently using numerical approaches [17,51,52].
Typically, the density of surface states is in the range of
1013 cm−2 for samples that exhibit strong surface electron
accumulation as found for InN films with different surface
orientations and varying bulk electron concentrations [8,13].
In the case of the prepared N-polar InN samples, the bulk
electron concentration is ∼1×1019 cm−3, comparable to that
in In-polar samples with strong electron accumulation [47],
prepared using the same experimental setup. Consequently,
the Fermi level in the bulk for both types of polarity is
∼0.2 eV above the CBM [48,49]. However, as-grown N-polar
samples exhibit almost flatband conditions as we find a very
low value of bend bending (Vbb) around ±0.1 eV [9]. After
hydrogen adsorption, the observed shift of occupied electron
states away from the Fermi level is induced by a downward
bending of the bands at the surface (�Vbb ∼ 0.3 eV – see
Fig. 3), and the surface band alignment is then comparable to
that of the as-grown In-polar InN samples [47]. This effect can
also be interpreted in terms of the Poisson equation: hydrogen
adsorption increases the density of electron states Nss at the
N-polar InN surface. These localized surface states induce a
reaction of the electrons in the interface region and the bulk,
leading to a modification of the surface electron distribution
by charge transfer. Since the resulting value of band bending is
directly dependent on Nss , the amount of adsorbed hydrogen
directly influences the surface electron accumulation layer for
N-polar InN. As a rough estimate, based on a comparison with
the dependency Vbb(Nss) for a bulk electron concentration of
1018 cm−3 given in Fig. 3 of Ref. [17], we conclude that the
density of surface states generated due to hydrogen adsorption
is in the mid-1012 cm−2 range.

Comparing the surface electronic structure of N-polar
InN after hydrogen and ammonia adsorption, no pronounced
differences are found – both experiments result in comparable
changes in the occupied surface states close to the Fermi edge,
the surface band bending, and the work function. Therefore we
conclude that during ammonia interaction, hydrogen atoms
are split off the dissociating ammonia molecules and attach
to the dangling bonds of the InN surface. This result is
in good agreement with theoretical results from Walkosz
et al., who investigated the reaction pathway of NH3 at
In-polar InN(0001) surfaces [41], discussing the possible
decomposition of ammonia as well as stable adsorption sites
for the decomposition products (NH3, NH2, NH, N, and H).
They found that the NH3 adsorption energy is comparable
to the barrier for the first decomposition reaction. Hence,
ammonia decomposition and desorption are competitive
processes, while the decomposition and the adsorption of
the thermodynamically more stable NH2 + H configuration
dominates at appropriate ammonia pressure. Furthermore, they
found that the subsequent decomposition steps mainly take
place by H transfer, resulting in a complete dissociation of
ammonia with N and H species at the surface. Single N
atoms can easily pair up after surface diffusion and can desorb

as molecular N2 afterwards. In contrast, adsorbed hydrogen
species preferentially remain at the surface due to a high
activation barrier for H2 formation [41].

Concerning the identification of hydrogen adsorption sites
at N-polar InN surfaces, a comparison of the presented
XPS and UPS results with available literature gives valuable
indications. For instance, it is known that NHx (x � 3)
components in the N 1s spectrum of InN are expected at
binding energies in the range between 397.7 and 400.4 eV
[14,21,53–56]. Furthermore, results from HREELS measure-
ments at N-terminated InN surfaces [44,45,57] as well as
calculations concerning the stability of hydrogen at polar and
nonpolar surfaces [39] confirm the preferred formation of
N-H bonds at InN surfaces. Walkosz et al. found that the
lowest-energy structure of polar InN exposed to ammonia
consists of NH2 species [42], and Suzuki et al. theoretically
analyzed the surface structures of polar InN surfaces in the
presence of hydrogen and NHx (1 � x � 3) [40,43] and
found that for N-polar InN, the stable surface shows a geometry
with N-H bonds between the H adatoms and N surface atoms.
Furthermore, Janotti and Van de Walle investigated the effects
of monatomic hydrogen in bulk InN [27] by DFT and found
that hydrogen is most stable at interstitial sites (Hi), forming
strong bonds to the nitrogen atoms in conjunction with a
weakening and cracking of In-N bonds. Therefore, we assign
the additional components in the N 1s spectra (Fig. 4) to
hydrogen-induced bonds, whereby the component at 397.9 eV
binding energy corresponds to N-H and the one at 398.9 eV is
characteristic for NH2. In this context, the slight difference
in the peak intensity of the component at 398.9 eV after
hydrogen and ammonia exposure is most likely caused by
a higher amount of hydrogen at the ammonia-exposed surface.

Besides hydrogen bound to nitrogen, Janotti and Van de
Walle furthermore described hydrogen in InN substituting for
nitrogen atoms and binding to the In atoms in a multicenter
bond configuration (HN ) [27], which is very stable, has a low
formation energy, and acts as a double donor (HN

2+). It is
worth mentioning that in this configuration the formation of
a bonding state 6.5 eV below the VBM and an antibonding
state 6 eV above the CBM was predicted [38,58]. Although
the surface configuration is expected to be different from
that of the bulk, a corresponding state at the surface might
explain the weak structure at about 8 eV below EF in the
VB spectra in Fig. 5. However, as already discussed, we
found no indications for the formation of In-H bonds and
no change in the In:N ratio in the photoemission experiments.
Therefore, we tend to exclude a significant amount of hydrogen
substituting for nitrogen. Consequently, the changes in the VB
spectra at about 8 eV are more likely caused by structural
relaxation or charge redistribution of the InN top surface
layers caused by the hydrogen adsorbates in general. The
observation of comparable effects during the adsorption of
potassium at InN(0001) surfaces [59] further supports this
picture. Additionally, the effect of H-induced relaxation of
the surface atom arrangement combined with local electron
transfer processes might also explain the observed changes in
the intensity ratio of the two main features around 2.5 and
6.2 eV in the XPS valence band spectra.

While hydrogen-induced components could not clearly be
identified in the VB region, significant changes are observed
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around the CBM. Figure 6 illustrates the formation of occupied
electron states between EF and ∼1.0 eV below EF , with a peak
at 0.6 eV after hydrogen adsorption. This signal could be an
indication of the formation of a surface state in this energy
range. However, due to a lack of theoretical investigations, the
assignment of this state to any surface-adsorbate configuration
is rather difficult. A surface state at about 0.7 eV was already
observed at as-grown In-polar InN surfaces [9] and theoretical
investigations assigned it to occupied bonds of In adatoms
[22–24]. Furthermore, according to Refs. [27,60,61], adjacent
indium atoms in defect configurations with reduced bonding
distance or irregular In-In bonds as well as nitrogen vacancies
would create comparable electronic states in the gap and above
the CBM. However, in our case the formation of In-In bonds
and In adlayers can be ruled out since a constant In:N ratio
was measured during the experiments presented here and no
indication of surface indium accumulation was found in the
XPS and UPS spectra [47]. The origin of this feature could
further be speculated to be the existence of defect states such
as nitrogen vacancies induced by hydrogen adsorption. For
reasons already discussed above, this appears to be no suitable
explanation, and defects do not significantly contribute to the
observed electronic state, since the corresponding states would
be detected for the as-grown N-polar InN surfaces. Therefore
we conclude that the peak at 0.6 eV is most likely a hydrogen-
induced surface state.

Furthermore it should be mentioned that the observed
increase in electron emission in the CB region and the
downward bending of the bands could also be an effect
of occupation of InN CB states at the surface, mediated
via relaxation of electrons from hydrogen-induced adsorbate
states located high in the CB. With photoluminescence the
energy level of bulk H donors in hydrogenated InN samples
was determined to be about 10 meV below the conduction
band edge [31]. This would correspond to a binding energy
∼0.6–0.7 eV below EF and could therefore explain the
detected surface state in our spectra. Independent of the
exact details of the surface configuration and the exact
energy alignment of the corresponding states, which are
in particular due to the lack of theoretical calculations for
hydrogen adsorbates at the N-polar InN surface beyond the
scope of this investigation, the hydrogen-induced changes of
electron states around the Fermi edge in our experiments
are results of the combination of occupation of conduction
band states by charge transfer processes from energetically
higher electron levels of the hydrogen adsorbate (electron
donation) and the formation of well-defined surface states that
develop during the hydrogen adsorption process, including the
saturation of nitrogen dangling bonds of additional (In)N-H
surface-adsorbate configurations. These effects are strongly

interconnected to each other and cannot therefore be consid-
ered independently.

The occupation of the empty CB states and the formation of
electron states close to and above the CBM lead to a shift of the
energy position of the surface Fermi level, or in other words
a downward bending of the valence and conduction bands,
which is reflected in the observed changes in core and valence
electron binding energy. Consequently, once more the strong
relation between the energetic positions of occupied electron
states and surface band alignment, as already described for
as-grown as well as oxygen- or potassium-covered polar and
nonpolar InN surfaces [9,59], is manifested.

V. CONCLUSION

The interaction of hydrogen and ammonia with N-polar
InN surfaces was investigated using in situ photoelectron
spectroscopy. This study reveals experimentally that hydro-
gen atoms preferentially attach to the free bonds of the
nitrogen surface atoms, leading to the disappearance of the
nitrogen dangling-bond-related surface state at the valence
band edge. The ammonia molecules dissociate at the N-polar
InN surface, leading to adsorbed hydrogen species comparable
to those observed during the interaction with atomic hydrogen.
The modification of surfaces states and the related processes
strongly affect the electron concentration and surface band
bending of N-polar InN. A broadening of the electron emission
region above the CBM was detected which is caused by
the formation and occupation of additional electron states.
It results in a shift of the position of the surface Fermi level
which correlates with the simultaneously observed increase
in the surface downward band bending by ∼0.3 eV at the
adsorbate covered N-polar InN surface. Together with the
measured decrease in work function, one can conclude that
hydrogen adsorbed at N-polar InN surfaces partially transfers
its electron charge to the substrate, resulting in an increase
in the surface electron concentration of the semiconductor.
Therefore, hydrogen as dissociation product of many different
ambient molecules has to be considered as one main reason for
the strong electron accumulation typically observed at N-polar
surfaces. Based on the performed study, the nature of hydrogen
acting as electron supplier at InN surfaces is demonstrated and
the related changes in electronic structure support the theory
that hydrogen acts as electron donor in the III-N semiconductor
InN.
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