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Abstract

Chemisorption of aniline (C6H5NH2) on the GaN(0 0 0 1)-(1� 1) Ga-polar surface has been studied using mainly X-

ray-excited Auger electron, electron energy loss and ultraviolet photoemission spectroscopies (XAES, ELS and UPS,

respectively). The XAES data show adsorption near room temperature with a total sticking probability of �0.05 and a
saturation coverage of �0.28 phenyl rings per surface lattice site. The ELS data show removal of the characteristic

surface-state band centered at �3.4 eV and the appearance of a p ! p� loss at 6.5 eV due to C@C bonds. In contrast,

benzene (C6H6) does not chemisorb under these conditions. The UPS data, which have been analyzed with the aid of

density functional theory molecular orbital calculations, indicate that adsorption occurs with a phenyl–NH group

forming a Ga–N–Ga bridge. Adsorption causes a decrease in electron affinity (dv � �0:55 eV) due to a surface dipole

layer, and measurement of dv and of changes in band bending have been used to construct a partial energy level

diagram for the aniline-covered surface. � 2002 Elsevier Science B.V. All rights reserved.

Keywords: Gallium nitride; Aromatics; Chemisorption; Photoelectron spectroscopy; Auger electron spectroscopy; Electron energy loss

spectroscopy (EELS)

1. Introduction

The recent acceleration of interest in ‘‘molecu-
lar electronics’’ has led to numerous studies of the
attachment of organic ligands to the surfaces of
semiconductors, primarily Si(1 0 0) and Si(1 1 1)
[1–3] and also II–VI and III–V materials [4].
Potential applications for such ‘‘functionalized’’
semiconductor surfaces include chemical- and bio-

sensors, nanoscale electronic components (e.g.,
switches and transistors), new devices for the
emission and detection of light and novel alterna-
tives to lithographic patterning for nanofabrica-
tion.

Extending this work to wide-bandgap materials
such as SiC and GaN offers advantages over the
use of Si as a substrate. In optoelectronic devices,
the wide bandgap of 6H–SiC (3.0 eV) or GaN (3.4
eV) permits optical access to the organic layer
through the substrate as well as through space,
permitting more flexibility in device design. In
applications dependent on charge transport across
the interface, the wide bandgap also allows more
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latitude in aligning the highest occupied and
lowest unoccupied molecular orbitals (HOMO
and LUMO, respectively) of the organic adsorbate
with the substrate band edges. This opens the
possibility, for example, of molecular control of
the semiconductor electronic properties [4–6].

Functionalizing GaN surfaces requires new
chemical strategies. Recently [7] NH3 has been
shown to chemisorb on the clean (0 0 0 1)-(1� 1)
Ga-polar surface of wurtzite GaN via a stable
asymmetric Ga–(NH2)–Ga bridge. This suggests
that amine chemistry may be a viable approach to
building organic structures on such surfaces. To
our knowledge there has been no previous work
on functionalizing III-nitride surfaces other than
studies of the adsorption of organic species on
AlN [8] or GaN [9] nanoparticles.

In this work, we focus on the electronic struc-
ture and properties of the GaN(0 0 0 1)-(1� 1)
surface functionalized by adsorption of aniline, the
molecular structure of which is shown in Fig. 1.
This amine was selected for initial study because it
has been investigated as an adsorbate on Si(1 0 0)-
(2� 1) [10–14] and (1 1 1)-(7� 7) [15] surfaces and
because GaN surfaces functionalized with aniline

or substituted anilines might be suitable for sub-
sequent chemical or photochemical reaction, pro-
viding a means for in situ synthesis of larger and
more complex surface species.

2. Experimental details

All experiments were performed in a conven-
tional ultra-high vacuum (UHV) chamber with a
base pressure of � 5� 10�11 Torr. The n-type
wurtzite GaN sample, grown on sapphire by
metal–organic chemical vapor deposition, was cut
from the same wafer as that used in a previous
study of H2O adsorption and is described else-
where [16]. The surface was cleaned by nitrogen-
ion bombardment (10 min, 1 keV, �10 lA/cm2)
and annealing (5 min, �900 �C) [17,18]. The clean
surface exhibited no impurities in Auger electron
spectroscopy (AES), other than sometimes oxygen
at the limit of detection. Based on previous studies
of O2 chemisorption [17], this limit is �0.03
monolayers (MLs), where 1 ML is defined as one
adsorbate species per surface lattice site. Low-
energy electron diffraction (LEED) showed the
(1� 1) pattern typical for GaN(0 0 0 1) surfaces
prepared in this manner. The LEED pattern for
this particular sample showed a somewhat higher
background than usual but little or none of the
faceting normally found for such surfaces [18–20].
The lattice polarity [21] was found [16] to be such
that the surface under study was the (0 0 0 1) Ga-
polar face.

Ultraviolet photoemission spectroscopy (UPS)
and electron energy loss spectroscopy (ELS) were
performed using a double-pass cylindrical-mirror
analyzer (CMA) in the constant-resolution (‘‘re-
tard’’) mode with pulse-count detection. For UPS,
the 40.8 eV HeII line from a DC discharge in He
was used. The Fermi level position was measured
using UPS data for a clean Au foil. The resolution,
determined by the CMA pass energy of 50 eV, was
about 0.80 eV as measured by the Gaussian
broadening of the Au Fermi edge. The photo-
electron work function was obtained by measuring
the slow-secondary photoemission threshold with
a )5.8 V bias applied to the sample, to shift the
edge well above the CMA cutoff, and with the

Fig. 1. ELS data (a) before and (b) after dosing with aniline. In

(b) the dose is given as the number of aniline molecules incident

per cm2. The relative intensity is quantitative, and the spectra

have been displaced vertically for clarity. The inset shows the

molecular structure of aniline.
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nominal CMA resolution increased to �30 meV.
For ELS, a primary beam of Ep � 90 eV and
ip � 0:3 lA/cm2 from the coaxial electron gun of
the CMA was incident normal to the sample sur-
face. The resolution, defined by the full-width at
half-maximum (FWHM) of the elastic peak, was
0.5 eV.

X-ray-excited AES (XAES) C KLL and N KLL
data were obtained in pulse-count ‘‘retard’’ mode
using the 1253.6 eVMg Ka1;2 line with a resolution
of �3.2 eV, determined by the CMA pass energy
of 200 eV. The C 1s X-ray photoemission spectrum
(XPS) was obtained at a resolution of �1.6 eV
(100 eV CMA pass energy) using the 1486.6 eV Al
Ka1;2 line. The binding energy (BE) was referenced
to the Au 4d5=2 and 4f7=2 lines at 335.22 and 83.98
eV, respectively, below EF [22]. Because of the
likelihood of electron-beam damage of adsorbed
molecules, electron-excited AES (EAES) was used
only to check the surface elemental composition.
For EAES, a primary beam of Ep ¼ 3 keV, ip �
4:5 lA from the coaxial electron gun was incident
normal to the surface, and the CMA was used in
the ‘‘non-retard’’ mode with a 2 eV modulation
amplitude.

Aniline, obtained commercially, was dried by
distillation under vacuum onto Na metal and de-
gassed by repeated freeze–pump–thaw cycles, with
freezing at dry-ice temperature. At least one such
cycle was performed prior to each exposure to
remove H2 released during contact between aniline
and Na. The aniline reservoir was kept in the dark
to avoid photochemical reactions. Benzene, also
obtained commercially, was used without further
purification other than degassing. Analyses of the
vapors exiting the doser (see below) were done
using a quadrupole mass spectrometer on the
UHV chamber, at a reagent pressure of �5� 10�7

Torr with continuous turbopumping. These
showed no significant impurities when referenced
to standard cracking patterns. 1 In particular,
there was no difference between the mass spectra
of the ‘‘as-received’’ and dried aniline other than

the presence of a significant amount of H2O in the
former.

Gas exposures were done using a pinhole doser
[23]. During and after dosing, the hot-filament
ionization gauge was switched off and the chamber
pressure measured with a cold-cathode ionization
gauge to avoid excitation of molecular species in
the background. During dosing, the ion pump was
also switched off and the chamber pumped with
a turbopump to avoid regurgitation when ion-
pumping reactive species. During and after dosing
the chamber viewports were covered and the
sample kept in the dark, as much as possible, to
avoid potential photochemical effects. However,
no effect of intentional exposure to visible light
was noted in UPS or work-function data (see
below) for the aniline-saturated surface. All dosing
and data scans were done with the sample at
nominal room temperature (< 50 �C).

3. Results and discussion

3.1. ELS and XAES

Figs. 1 and 2 show ELS data for clean and
aniline-dosed surfaces. In common with other ad-
sorbates (O2 [17] and atomic H [18,24,25]) aniline
removes the surface-state loss feature characteris-
tic of the clean surface. This consists of a band
centered at about 3.4 eV with a tail extending into
the gap. A very weak adsorbate-sensitive feature,
possibly due to surface defects, also appears at �2
eV for the clean surface. The major feature after
exposure, at 6.5 eV, corresponds to p ! p� exci-
tation of the phenyl ring [26], and the presence of
this feature proves the existence of p-bonded C on
the surface. The near coincidence in energy with
the most intense free-molecule loss peak (6.49 eV,
[26]) suggests that the ring does not interact
strongly with the surface via the p-orbitals.

The dose dependence of the ELS data was
studied as a measure of the rate of adsorption since
the spectra could be acquired relatively quickly.
After each dose, the aniline was evacuated and the
0–16 eV range scanned. The incident beam spot
size was �1 mm, allowing a different area of the
surface to be sampled after each dose to avoid any

1 The aniline and benzene cracking patterns, from the NIST/

EPA/NIH Mass Spectral Library, were obtained at http://

webbook.nist.gov/chemistry.
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cumulative beam-damage effects. (No such effects,
however, were observed in repeated scans of the
same area.) Beyond a dose of � 6� 1015 aniline/
cm2 there were no further significant changes in
the spectrum, indicating that saturation had oc-
curred. 2 After saturation and several hours of
data collection, EAES indicated a trace of O which
might be due to H2O in the UHV background or
as a residual impurity in the aniline. It has previ-
ously been found [16] that H2O is highly reactive
with the clean GaN(0 0 0 1)-(1� 1) surface. The
LEED pattern at saturation was a very weak
(1� 1) with a high background. It is likely, how-
ever, that the LEED primary beam (about 50 eV
and 50 lA/cm2) would damage any adsorbed
molecules.

Fig. 3 shows C KLL and N KLL XAES data at
saturation after background removal as described
in Appendix A. The N KLL, in comparison to that
of the bare surface (not shown), exhibited no ad-
ditional structure that might be due to N bonded

to a phenyl ring. For five different runs, the cov-
erage of C (viz. phenyl rings) was estimated from
the relative integrated intensities (see Appendix A).
The result is Hph ¼ 0:28� 0:05 ML, where Hph ¼
1 is defined as 1 phenyl ring per surface lattice site.
(The uncertainty reflects scatter in the data and
does not include the effects of any systematic
errors in the model given in Appendix A.) The
results give a total sticking probability, defined
here as (saturation coverage)/(saturation dose),
of �0.05 which indicates that aniline is very reac-
tive with this surface.

Similar ELS and AES experiments were done
with benzene. A dose of �3:5� 1016 benzene/cm2,
i.e., about six times the aniline dose needed for
saturation, had little or no effect on the GaN
surface-state loss and produced no significant

2 For reference, the GaN(0 0 0 1) surface plane consists of

1:135� 1015 lattice sites per cm2, based on a basal-plane lattice

constant of 3.1892 �AA.

Fig. 3. XAES data for the (a) N KLL and (b) C KLL transi-

tions on the aniline-saturated surface after processing as de-

scribed in Appendix A. Relative intensities are not quantitative,

but the relative C KLL/N KLL integrated area is given. The

inset (c) shows the lineshape observed in first-derivative EAES

data.

Fig. 2. Similar to Fig. 1 but showing the low-energy losses in

detail. The surface-state loss on the clean surface and the

p ! p� transition on the dosed surface are labelled. Relative

intensities are not quantitative.
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p ! p� peak. Little or no C KLL intensity was
detected in either XAES or EAES. Hence benzene
is much less reactive than aniline under the same
conditions. This argues against an adsorption
process involving only C–H bond breaking or only
the ring p-orbitals. (The latter is seen for benzene
on transition metals, e.g. [27] and works cited.)
However, it cannot be inferred from this obser-
vation alone that aniline adsorption occurs via the
–NH2 since the substituent effect of the –NH2, well
known in organic chemistry, alters the charge
distribution in the ring p-orbitals.

3.2. UPS

Fig. 4 shows UPS data for the clean surface
before and after a saturation exposure. In Fig. 4a
the peak at )20.5 eV is the Ga 3d, the weak broad
peak near )17 eV is the N 2s and the peak at about
)13 eV is a ‘‘ghost’’ of the Ga 3d excited by the
hm ¼ 48:4 eV satellite of the main HeII line. Other,
weaker satellites contribute additional ‘‘ghost’’
intensity near )9 eV. Note the reduction in Ga 3d
intensity, relative to the valence band, after aniline

adsorption. This shows that the substrate emission
is significantly attenuated by the adsorbate layer
and, therefore, that a large fraction of the valence
intensity in Figs. 4b and c is due to the adsorbate.

The UPS of the adsorbate itself, Fig. 5a, was
obtained from the difference, DNðEÞ, between the
data in Figs. 4a and b by scaling and shifting the
clean-surface spectrum so as to minimize the re-
sidual Ga 3d intensity after subtraction. The effect
of molecular chemisorption on the Ga 3d of
GaN(0 0 0 1)-(1� 1) is generally quite small [16,
17], so good cancellation in DNðEÞ is expected. The
result shows strong emission at the high-BE end,
due to excitation by the more intense HeI line
(hm ¼ 21:2 eV), but no Ga 3d feature (cf. Fig. 4).
Data obtained at higher resolution (0.4 eV with a
25 eV CMA pass energy) showed no additional
structure in DNðEÞ.

Fig. 4. HeII UPS data (a) before and (b) after dosing with

aniline. Binding energies are referenced to the Fermi level, and

the spectra have been displaced vertically for clarity. The rela-

tive intensity is not quantitative. (c) shows the same spectrum as

(b), multiplied by a factor of 2 for easier comparison with (a).

Fig. 5. (a) Difference spectrum (dosed minus clean) obtained

from the data in Fig. 4. The arrow shows where the Ga 3d peak

was prior to subtraction. The clean-surface spectrum was scaled

and shifted so as to minimize the Ga 3d intensity in the dif-

ference. The intense emission at the low-BE end is due to HeI

excitation. (b) UPS data (hm ¼ 34 eV) for a condensed multi-

layer of aniline [30, with permission]. The labels ‘‘A’’, ‘‘B’’, etc.

are those in the original reference. The two A peaks are further

labelled ‘‘1’’ and ‘‘2’’, and the shoulder of peak B is labelled

‘‘B0’’. The relative intensity of the two spectra is not quantita-

tive. The two spectra have been aligned at the deep-valence level

‘‘F’’, and binding energies are referenced to the Fermi level.
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For adsorbates such as NH3 [7], O2 [17,28] or
atomic H [18] on GaN(0 0 0 1)-(1� 1), UPS DNðEÞ
spectra show a pronounced ‘‘negative’’ (i.e.,
downward-pointing) peak at about )2.8 eV due to
removal of surface states near the valence band
maximum (VBM) on the clean surface [29]. There
is little if any indication of such a feature in Fig. 5a
because of the strong attenuation of the substrate
emission by the aniline adlayer. It is also possible
that the absence of this negative feature is due to
an adsorbate peak which exactly matches the po-
sition and intensity of the surface-state emission
on the clean surface, thereby yielding a featureless
DNðEÞ in this region. This was investigated by
repeating the subtraction process for different
clean-surface scale factors. Although a negative
peak near the VBM could be produced with small
adjustments in the scale factor, it was not possible
to obtain even a weak positive (i.e., adsorbate-
related) peak in this part of DNðEÞ without a pro-
nounced miscancellation of the Ga 3d.

Fig. 5b shows UPS data (hm ¼ 34 eV) for a
multilayer of aniline condensed on Pd(1 1 0) [30].
This spectrum is in good agreement with, although
less resolved than, gas-phase HeII data [31]. The
rough similarity between the adsorbed and multi-
layer spectra suggests adsorption with the phenyl
ring intact. This is supported by comparison with
data (not shown), obtained at hm ¼ 50 eV, for a
benzene multilayer condensed on Si(1 0 0)-(2� 1)
[32]. The major peaks in the benzene spectrum
agree with those of adsorbed aniline in number
and relative position, although, as noted above,
molecular benzene itself does not adsorb readily
on this GaN surface.

In order to compensate for differences in
screening and relaxation of the photoionized
molecule [33] between the two phases, the multi-
layer spectrum (Fig. 5b) was shifted to bring peak
‘‘F’’ into alignment with that of the adsorbate
(Fig. 5a). The required shift (0.7 eV to higher BE)
represents the result of differences in sample work
function and in relaxation effects for aniline ad-
sorbed onGaN(0 0 0 1) and condensed on Pd(1 1 0).
Deep-valence orbitals, such as those contribut-
ing to peak ‘‘F’’, are expected to be essentially
unaffected by adsorption chemistry. After this
alignment, peak ‘‘C’’ shows a further small BE

difference indicating an additional chemical shift
due to adsorption. The shoulder B0 in the multilayer
spectrum is assigned [31,34] to the N non-bonding
lone-pair (NBLP) orbital, which is confirmed by
MO calculations discussed below. It is not certain
whether this feature is shifted, broadened or al-
together absent in the adsorbate spectrum. Hence,
adsorption with N remaining in threefold coordi-
nation, unlike the case for NH3 on this surface [7],
cannot be ruled out at this point. One also cannot
yet exclude adsorption via formation of a donor–
acceptor adduct involving charge donation from
the nitrogen NBLP orbital to a Ga dangling
orbital.

The most obvious difference between the two
spectra in Fig. 5 is the absence of peaks for the
adsorbed layer corresponding to A1 (the HOMO
of the condensed molecule) and to D. MO calcu-
lations (see below) show that both A1 and D in-
volve large contributions from the –NH2 group,
and their absence indicates that adsorption in-
volves this part of the molecule. It is unlikely that
polymerization of the adsorbed aniline plays a
significant role since UPS data for various forms
of polyaniline [35] show only relatively broad
structures.

There is presently no basis for determining the
fate of any H atoms released in chemisorption
since the UPS DNðEÞ is dominated by excitations
of the molecular species, with no evidence of fea-
tures that can clearly be assigned to adsorbed H
alone. Changes in the GaN surface electronic
structure (e.g., removal of surface states) caused by
molecular adsorption would also affect DNðEÞ.
However, here again the spectrum appears to
consist mainly of molecular features. The data will
be discussed in more detail in Section 3.6, in the
context of different chemisorption models.

3.3. XPS

The C 1s XPS, Fig. 6, gave no indication
of structure and could be least-squares fitted with
a single Gaussian at 285:7� 0:1 eV below EF.
After subtracting the instrumental broadening in
quadrature, the FWHM was �2.8 eV. The pres-
ence of a single C 1s coincides with results for
aniline forming an Si–N–Si bridge on the Si(1 0 0)-

114 V.M. Bermudez / Surface Science 499 (2002) 109–123



(2� 1) surface [13] and for molecular aniline
condensed on Ni(1 0 0) at 100 K [36]. This suggests
that the phenyl ring is at most only weakly per-
turbed by adsorption, a view which will be sup-
ported by the analysis of the C 1s BE presented
below.

For aniline on Si(1 0 0)-(2� 1) [14] the C 1s XPS
can be resolved into components with FWHM of
�0.8 eV, substantially less than on GaN. The
greater FWHM in the case of GaN results in part
from the vibrational broadening of XPS lines
typical for partially ionic materials as well as from
possible band-bending inhomogeneity (e.g., [37]).
However, the bulk GaN Mg Ka1;2-excited N 1s
line (not shown) has an FWHM of only �1.7 eV
after correction for instrumental broadening. This

suggests that a large part of the 2.8 eV C 1s
FWHM for aniline on GaN(0 0 0 1) is due to the
presence of unresolved, closely spaced compo-
nents.

Since available C 1s XPS data for condensed
aniline multilayers [36,38] do not give the position
of the vacuum level, it is necessary to estimate the
chemical shift in the C 1s BE by comparing the
data in Fig. 6 with gas-phase results [39]. These
show C 1s BEs, relative to vacuum, of 291.2 eV for
the C bonded to –NH2 and in the range of 289.7–
290.2 eV for the others. To avoid difficulties in BE
referencing, the C 1s BE shift is estimated here
using the difference, DðBEÞ, between the C 1s and a
deep-valence feature (‘‘F’’ in Fig. 5a) which is af-
fected only by relaxation, not chemisorption, as
discussed above. The change in DðBEÞ between the
gas and adsorbed phases is then taken as the C 1s
BE shift due to surface chemical effects. Using gas-
phase data in [31,39] and adsorbate data in Figs.
5a and 6, and taking 290.2 eV as the average C 1s
gas-phase BE, yields a chemical shift of about 0.
This, together with observation of only a single C
1s, suggests that the phenyl ring is not strongly
affected by chemisorption.

The N 1s XPS data for adsorbed aniline
(BE � 398 eV [13]) could not be obtained with
either Mg or Al Ka1;2 excitation because of inter-
ference from overlapping Ga LMM XAES struc-
ture and because of the high background from
bulk N 1s emission.

3.4. Work function, band bending and electron
affinity

The effects of aniline adsorption on band
bending and electron affinity were studied in order
to establish an energy level diagram for the surface
after chemisorption.

The UPS data were used to obtain the change in
electron affinity (dv ¼ d/ � d/B) from the changes
in work function (d/) and band bending (d/B),
where d/B > 0 means an increase in upward band
bending for n-type GaN. Fig. 7 shows the relevant
data, namely, the positions of the Ga 3d core level
(upper panel) and the slow-secondary threshold
(lower panel) for clean and for aniline-saturated
surfaces. The quantities obtained in Fig. 7 are

Fig. 6. (a) C 1s XPS (Al Ka1;2 excitation) for the aniline-satu-

rated surface. The feature labelled ‘‘a3;4’’ is the C 1s excited by

satellites in the source spectrum. The points show data (average

of three scans), and the line gives a least-squares fit of a sum

of Gaussians and a polynomial background. (b) Spectrum of

statistically weighted residuals ½ðfit-dataÞ=data1=2 which gives a

reduced v2 of 1.30.
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labelled ‘‘d/ph
B ’’ and ‘‘d/ph’’, indicating that they

are photoelectron values (see below). Structure in

the near-threshold emission is related to empty
states at or above the vacuum level; the shape of
the spectrum is affected by the work function
cutoff, though. The spectrum clearly changes with
aniline adsorption, but further analysis is beyond
the scope of the present work.

With the expression given above, results like
those in Fig. 7 yield dv ¼ �0:55� 0:13 eV (average
of four runs). Using the adsorbate coverage at
saturation (Section 3.1), an estimate of the surface-
normal dipole moment l? (in Debyes, D, where 1
D ¼ 10�18 esu cm) can be obtained from the ex-
pression dvðeVÞ ¼ 3� 10�16ð4pNl?Þ for a layer of
N non-interacting dipoles per cm2. The result is
l? ¼ �0:45 D, where the negative sign means that
the positive end of the dipole lies outward from the
surface. The effect of depolarization by surround-
ing dipoles can be estimated using [40] l? ¼
l?ð0Þ=ð1þ 9aN 3=2Þ, where l?ð0Þ is the moment of
an isolated adsorbed dipole and a is the adsorbate
polarizability. With a ¼ 11:5� 10�24 cm3 for free
aniline 3 [41], l?ð0Þ � �0:72 D is found, which
amounts to a large correction. This result is
somewhat smaller in magnitude than the in-plane
and out-of-plane components of the gas-phase
aniline dipole moment [42], 1.07 and 1.09 D re-
spectively. Quantitative interpretation of l?ð0Þ in
terms of a structural model (see below) is difficult
since it represents the combined effects of the
molecular dipole moment, modified by adsorption,
and charge transfer between the surface and the
adsorbate.

The UPS data were examined for the effects of
surface photovoltage (SPV) caused by electron-
hole (e–h) pairs created by the UV excitation and
by inelastic scattering of photoelectrons and sec-
ondaries. An SPV effect occurs in semiconductors
when e–h pairs separate in the space–charge field,
leading to a decrease in band bending vs the true
(‘‘in-the-dark’’) value. For n-type material, the
decreased band bending is equivalent to a de-
creased photoelectron work function, i.e, /ph

6/
where / is the true work function. Such effects

Fig. 7. UPS data showing the change in band bending (upper

panel) and the change in work function (lower panel) induced

by a saturation dose of aniline. Note the different energy scales.

Relative intensities are not quantitative. The upper panel shows

the Ga 3d spectra from Fig. 4 with (b) multiplied by a factor of

2, relative to (a), for clarity. The dashed lines show the re-

spective peak maxima, indicating d/ph
B ¼ þ0:10 eV, where ‘‘ph’’

denotes ‘‘photoelectron value’’ (see text). In the lower panel the

dashed lines show the respective energies of the sample vacuum

level, estimated by extrapolating the edge of the slow-secondary

emission to zero, which give d/ph ¼ �0:45 eV.

3 a ¼ 1
3
ðaxx þ ayy þ azzÞ is the average of the diagonal tensor

components.
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have been studied extensively (e.g., [43] and works
cited) and are observed for GaN(0 0 0 1)-(1� 1)
surfaces after chemisorption of H2O but to a much
lesser extent when clean [16]. Note that SPV is
a purely electrostatic effect, shifting /ph and /ph

B

equally, so that dv is unaffected. Stated differently,
any change in band bending causes identical shifts
relative to EF in the vacuum level, band edges and
core levels (assuming that the photoelectron escape
depth in each case is much less than the thickness
of the space–charge layer).

Following [43], the temperature dependence of
the Ga 3d BE was measured. Since the e–h re-
combination rate increases with temperature, the
SPV effect (if present) will decrease. For n-type
material this results in a reversible, temperature-
dependent rigid shift of core levels to lower BE
with increasing temperature as the SPV effect on
/ph
B is reduced. The results for the aniline-saturated

surface (not shown) indicate a shift of about )0.13
eV in Ga 3d BE, over the range of 38–130 �C.
Similar experiments on clean surfaces show an
SPV shift of < 0:1 eV in magnitude (i.e., at or near
the detection limit). In principle, the true d/ and
d/B could be obtained by increasing the sample
temperature until d/ph and d/ph

B become constant,
i.e., until the SPV has been eliminated [43]. How-
ever, this is impractical here because of possible
thermally induced changes in the adsorbate layer.
If a true d/ can be measured, a true d/B can be
estimated using the previously obtained dv �
�0:55 eV which is independent of SPV as noted
above.

A measurement of d/ in the absence of optical
or electronic excitation was attempted using a pi-
ezoelectrically driven Kelvin probe [44] to record
the change, due to adsorption of aniline, in
the contact potential difference (CPD) between the
sample and an Au-plated vibrating probe. The
apparent d/ measured this way was more positive
than d/ph ¼ �0:45 eV (Fig. 7), consistent with the
absence of an SPV effect. However, a complicating
factor is the possible adsorption of aniline on the
(dirty) Au surface as well as on the GaN, since
d/Au < d/GaN < 0 would yield a positive change in
CPD. To our knowledge, d/Au has not been
studied for aniline adsorption; however, data for
aniline on clean Pd(1 1 0) [30] and Pt(1 0 0) and

(1 1 1) [45] surfaces show d/Pd ¼ �1:55 eV and
d/Pt � �1:8 eV at saturation.

Since even a small coverage of aniline on the
Au Kelvin probe could have a significant effect on
the CPD, the temperature dependence of the Ga
3d BE given above is used to estimate the SPV
effect on band bending. The result, d/B P d/ph

B þ
0:13 eV ¼ þ0:23 eV, constitutes a lower limit on
the true change in band bending due to aniline
adsorption.

3.5. Energy level alignment

Fig. 8 shows a partial energy level diagram de-
duced from experimental quantities given above
and elsewhere. The bulk bandgap of Eg ¼ 3:4 eV
separates the VBM from the conduction band
minimum (CBM). The position of the Fermi level
(EF) in the bulk, �0.07 eV below the CBM at room
temperature, was computed [46] for a non-degen-
erate CBM using the donor density of 1:6� 1017/
cm3 and an isotropic electron effective mass,
m� ¼ 0:236me [47]. The position of EF at the sur-
face (�0.9 eV below the CBM) was obtained from

Fig. 8. Partial energy level diagram (only one adsorbate level

included) for a saturation coverage of aniline adsorbed on

GaN(0 0 0 1)-(1� 1). The physical dimensions (e.g., the thick-

nesses of the space–charge and dipole layers) are not to scale,

but the energy separations of the various levels are scaled

quantitatively. The label ‘‘HOMOþ’’ emphasizes that the level

is that of the photoionized adsorbate. The width of the

HOMOþ, indicated by the box, is estimated from the width in

UPS after correcting for instrumental broadening.
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the measured EF–Ga 3d separation (Fig. 7) after
subtracting the VBM–Ga 3d energy difference
(17.76 eV, [48]) which is a material constant. This
EF position has been corrected for the estimated
SPV effect during UPS, as described above. The
clean-surface electron affinity, v ¼ 3:3 eV, was
measured previously [17,28], and the change dv
associated with the surface dipole layer was given
in Section 3.3.

The position of the HOMO of the photoionized
adsorbate (‘‘HOMOþ’’ in Fig. 8) relative to EF was
observed in Fig. 5a and the width (�0.6 eV) esti-
mated from the FWHM after subtracting the in-
strumental broadening in quadrature. The charge
transport gap, the quantity of interest in charge
transport phenomena, is given [49,50] by the sep-
aration between HOMOþ and LUMO�, the level
formed by placing an electron into the LUMO
of the neutral adsorbate. The LUMO� position
relative to EF can best be determined by inverse
photoemission spectroscopy [49,50]. For a mono-
layer of small adsorbate molecules, excitonic ef-
fects may be important. In this case, adding the
optical gap of the neutral adsorbate, as observed in
ELS, to the HOMOþ BE gives only a poor lower
limit on the position of LUMO� relative to EF. An
estimated LUMO� position can be obtained from
the measured [51] electron affinity of gas-phase
aniline, )1.13 eV, where the negative value means
that the anion is unstable relative to the neutral
molecule. Reducing this by �0.5 eV to account for
polarization in the adsorbed phase [49,50] places
LUMO� roughly 0.5 eV above the vacuum level in
Fig. 8. This of course neglects any chemical effect
of adsorption on LUMO�, which is difficult to
model at the present level of theory (see below).

3.6. Quantum-chemical modeling of adsorbed ani-
line

Density functional theory (DFT) calculations,
using the Gaussian 98 package [52], were done in
order to relate the UPS data in Fig. 5a to candi-
date structural models for chemisorbed aniline. As
a test, free molecular aniline was considered first.
Geometry optimization, followed by a calculation
of orbital energies, was done at the B3LYP/6-31G�

level previously shown [53,54] to give reliable

structural results for aniline. The final bond
lengths and angles were in complete agreement
with previous results [53].

Fig. 9 shows UPS data for a condensed multi-
layer (repeated from Fig. 5b) compared with
the calculated density of states (DOS). The latter
was obtained by centering a unit-area Gaussian
(FWHM¼ 1.0 eV) at each eigenvalue, summing
the total intensity and aligning the two spectra at
the HOMO (A1). The relative intensities and peak
separations are in fairly good agreement with the
data, and the fine structure in peaks B and D is
reproduced in the calculation. Also, the trend in C
1s BE for inequivalent sites around the phenyl ring
follows the experimental result [39].

The DOS shows a state at )20.0 eV and another
(partially off-scale) at )22.5 eV which lie below the
range of the data. The corresponding eigenvectors
show the former to consist of approximately equal
contributions from the 2s/3s orbitals of all carbons
not bonded to the –NH2 and the latter to be
comprised of the 2s/3s orbitals of the N and the
adjacent C. The assignment of other peaks to

Fig. 9. (a) UPS data for condensed aniline (same as Fig. 5b),

with binding energy referenced to the Fermi level. (b) Model

UPS for molecular aniline obtained (see text) by convoluting

the computed density of states with a Gaussian broadening

function (FWHM¼ 1 eV) and aligning the two spectra at the

HOMO. The relative NðEÞ scales are arbitrary.
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specific molecular orbitals is discussed in [31]. The
DOS takes no account of the dependence of
photoionization cross-section, r, on atomic orbital
composition. Since r2p=r2s ¼ 1:6 (4.0) for C (N) at
hm ¼ 40:8 eV [55], the DOS overestimates the UPS
relative intensity of these deep-lying s-like molec-
ular orbitals.

Fig. 10 shows schematic models of organome-
tallic molecules designed to mimic various modes
of bonding of aniline (abbreviated here as U–NH2)
to the GaN(0 0 0 1) surface. In Fig. 10a a donor–
acceptor bond is formed involving the nitrogen
NBLP orbital and the empty Ga orbital of GaH3.
In Fig. 10b, two H atoms are removed from –NH2

leaving an sp2-hybridized N with two NBLP orb-
itals each bonding to a GaH3. Two variations (not
shown) were also considered. In one, an Hþ is
removed from the structure in Fig. 10a, resulting
in a U–NH� anion with one NBLP orbital. This
is analogous to the NH2–Ga species recently
proposed [56] for the adsorption of NH3 on Ga-
deficient GaN(0 0 0 1) surfaces under growth con-
ditions. In the other, an H� is added to the
structure in Fig. 10b, giving a U–NH�� anion.

The use of anions in some of the adsorption
models requires further comment. In bulk GaN,
Ga has three valence electrons and bonds to four
N’s, and N has five valence electrons and bonds to
four Ga’s. Hence, each two-electron Ga–N bond
involves an electron density equivalent to 0.75 jej
from Ga and 1.25 jej from N. When a bond is

broken to form a hypothetical ideal (0 0 0 1) sur-
face Ga site, the dangling Ga orbital is occupied by
0.75 jej before any charge or lattice relaxation.
This fractional occupancy makes it difficult to
construct a simple yet realistic cluster model for
the ideally terminated surface. In invoking anions
as adsorbate models, it is assumed that charge
relaxation can occur on the real surface which
results in an adsorbate electronic structure re-
sembling that of a closed-shell anion. A detailed
description of how this charge relaxation occurs
would require a realistic surface model, since the
simple electron counting given above suggests that
sites in addition to those directly bonded to aniline
would be involved. Here we are concerned only
with characterizing the UPS spectra of the adsor-
bate species formed as the endpoint of this process.

For the various models discussed above, ge-
ometry optimization was done at the RHF/6-31G�

level with no constraints imposed, beginning with
a structure optimized using molecular mechanics,
and orbital energies were computed at the B3LYP/
6-31G� level. For comparison, B3LYP/6-31G�

geometry optimizations were also done, starting
from the RHF-optimized structure, with no dif-
ference in the final DOS results. The basis sets
internal to the Gaussian 98 program package [52]
were used for H, C and N. For Ga, the 6-31G�

basis set recently given by Rassolov et al. [57] was
used.

Fig. 11 shows the DOS calculated, as in Fig. 9b,
for three of the four models outlined above. The
fourth, with neutral U–N� bridging two GaH3

groups (as in Fig. 10b), was found to be unstable.
The RHF geometry optimization in this case re-
sulted in the breaking of both Ga–N bonds and a
shorter C–N bond (1.29 �AA) than in free U–NH2

(1.40 �AA), suggesting a degree of N p-bonding in the
former. For direct comparison with DNðEÞ, each
calculated DOS includes only the contributions
from the adsorbate U–NH2 or U–NH� species. All
spectra have been aligned at the deepest ex-
perimentally observed level, at about )18 eV,
corresponding to peak ‘‘F’’ in Fig. 9a, and the
calculated spectra have been Gaussian-broadened
by 1.0 eV as in Fig. 9b. As noted above, the rela-
tive intensities of the deep s-like states are over-
estimated in the calculated DOS, and the nearly

Fig. 10. Schematic diagrams (not to scale) of organometallic

molecular models used in the quantum-chemical analysis of

aniline adsorption on GaN(0 0 0 1). (a) Bonding to one GaH3

and (b) bonding to two GaH3 groups (see text). The large,

lightly shaded spheres are Ga atoms.
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pure s-states below )20 eV cannot be seen clearly
in the present experimental spectrum.

The simplest model, in which U–NH2 forms a
donor–acceptor pair with a single GaH3, clearly
does not fit the data as shown in Fig. 11b. Here a
peak is seen at )12 eV, corresponding to peak ‘‘D’’
in Fig. 9, which is due to an orbital with a large –
NH2 contribution and which is absent in the ex-
perimental spectrum. Of the remaining two models,
that in Fig. 11d appears to be in better agreement,
particularly in the position of the HOMO. For
direct comparison with experiment, Fig. 12 shows
the calculated results in Figs. 11c and d with a
larger Gaussian broadening (1.5 vs 1.0 eV) to
better approximate that of the HeII UPS. As noted
above, the instrumental resolution is 0.8 eV which,
when subtracted in quadrature from the �1.5 eV

total broadening, leaves �1.3 eV from ‘‘solid-state
effects’’. Better agreement is clearly seen for Fig.
12d, corresponding to a U–NH�� group forming a
Ga–N–Ga bridge. This is analogous to the NH2�
bridge previously proposed [7] for the adsorption
of NH3 on this surface.

4. Summary

Adsorption of aniline on the GaN(0 0 0 1)-
(1� 1) surface has been studied using mainly
XAES, ELS and UPS. The results are as follows.

1. The XAES data show adsorption near room
temperature with a total sticking probability
of �0.05 and a saturation coverage of �0.28
phenyl rings per surface lattice site. In contrast,
benzene does not chemisorb readily under these
conditions.

2. The ELS data show removal of the characteris-
tic surface-state band, centered at �3.4 eV, and
the appearance of a p ! p� loss at 6.5 eV due
to C@C bonds.

Fig. 11. Experimental (a) and DFT (b)–(d) results for the HeII

UPS of adsorbed aniline, U–NH2 (see text). (a) Experimental

[same as Fig. 5a]; (b) U–NH2–GaH3 [aniline forming donor–

acceptor adduct with GaH3 via the –NH2 non-bonding lone-

pair orbital]; (c) U–(NH)�–GaH3 [an H
þ is removed from (b) to

form an anion with an N non-bonding lone-pair orbital ( )];

(d) U–(NH)�(–GaH3)2 [like (c) but a second GaH3 bonds via N

lone pair]. The DFT results have all been Gaussian-broadened

with a 1.0 eV FWHM for comparison with Figs. 9a and b, and

all spectra have been aligned at the deep-valence peak at about

)18 eV (peak ‘‘F’’ in Fig. 9). For direct comparison with the

DNðEÞ data, each calculated DOS includes only the contribu-

tions from the adsorbate U–NH2 or U–NH� species.

Fig. 12. Similar to Fig. 11 but with an increased Gaussian

broadening of the calculated spectra (1.5 eV FWHM) to match

approximately that of the DNðEÞ data. The labels (a), (c) and
(d) correspond to those in Fig. 11.
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3. The UPS data, which have been analyzed with
the aid of DFT calculations, indicate adsorption
with the phenyl ring and the phenyl–N bond re-
maining intact. Bonding occurs in the form of a
phenyl–NH group via a Ga–N–Ga bridge, anal-
ogous to the model previously proposed [7] for
the adsorption of NH3 on this surface.

4. Adsorption causes a decrease in electron affinity
(dv � �0:55 eV) due to a surface dipole layer,
and measurement of dv and of changes in band
bending have been used to construct a partial
energy level diagram for the aniline-covered
surface. The adsorbate HOMOþ lies well below
the VBM, while the LUMO� is estimated to lie
roughly 0.5 eV above the vacuum level.

The present results demonstrate that organic
amines can easily be used for the attachment of
functional groups to the GaN(0 0 0 1) surface, and
the energy level alignment deduced from the data
provides a rational basis for designing chemical
processes involving hot-electron transport across
the semiconductor/organic interface. Further ex-
perimental work on amine/GaN systems would be
very useful. In particular, a vibrational probe such
as high-resolution electron energy loss spectro-
scopy (HREELS) could in principle help in refin-
ing the chemisorption model. However, previous
HREELS studies of adsorption on wurtzite GaN
surfaces [20,25,65] show that strong features due to
multiple excitations of the surface longitudinal
optic (Fuchs–Kliewer) mode make it difficult to
identify adsorbate losses below �2000 cm�1 (�250
meV), where modes other than the C–H and N–H
stretches are expected.
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Appendix A

This appendix describes the use of the C KLL
and N KLL XAES data to obtain the coverage of
phenyl rings, Hph. The procedure is similar to that
used in previous studies [17,58] of adsorption on
GaN. First, a linear background, fitted to the re-
gion above the spectrum, is subtracted and the
result corrected for the 1=E dependence of the
CMA ‘‘�eetendue’’ (product of transmission and
area sampled) in constant-resolution mode [59].
Since the data were obtained in counting, rather
than analog, mode no correction for an energy-
dependent detector gain is needed. The spectrum is
then processed following Tougaard [60,61] to re-
move the inelastic background and the final result
(Fig. 3) integrated to give IC or IN.

Fig. 13 shows a schematic diagram of the model
used to estimate Hph. The ratio of C KLL and N
KLL integrated areas (IC=IN) is given by

IC
IN

¼ 6HphSC
�

SN expð
 

� dC=kC cos/Þ

� Hph

"
þ expð � d=kGaN cos/Þ

�
X1
n¼0

expð � ndGaN=kGaN cos/Þ
#!

:

In the denominator, the sum accounts for the
substrate signal and the term in d for the attenu-
ation by the terminating Ga layer. The Hph term is
the contribution from adsorbed N in the aniline
layer, and the term in dC gives the attenuation of
the entire N KLL intensity by the phenyl over-
layer, assumed to be continuous at saturation. The
numerator gives the C KLL intensity with the as-
sumption that all six phenyl carbons contribute
equally.

The thickness values dGaN ¼ 2:59 �AA, d ¼ 0:648
�AA and dC ¼ 1:4 �AA are defined in Fig. 13. The first
two come from the wurtzite GaN lattice parame-
ters and the last from the dimensions of a phenyl
ring tipped 30� away from the surface normal. The
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terms kGaN and kC are the effective attenuation
lengths for N KLL electrons (�370 eV) in GaN
and in the phenyl layer (modeled as pure carbon),
respectively. Values of kGaN ¼ 7:20 �AA and kC ¼
11:6 �AA were obtained using a standard database 4

which includes the effects of elastic scattering [62].
The CMA collection angle is / ¼ 42�. SC, the C
KLL XAES sensitivity factor, is the product of
the Mg Ka K-shell photoionization cross-sec-
tion [rðC 1sÞ] and the Auger decay probability
[qðC KLLÞ]. SN is defined analogously. Values of
rðC 1sÞ ¼ 0:022 and rðN 1sÞ ¼ 0:039 (in units
of 106 barns) are given by Yeh and Lindau [55].
The estimated values [63,64] for qðC KLLÞ and
qðN KLLÞ are virtually identical and cancel in the
SC=SN ratio. Of the quantities used here, the most
uncertain is dC. However, varying dC by a factor of
2 changes Hph by only �12%, which is comparable
to the effect of scatter in the data.
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