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Direct experimental evidence of insensitivity of local Schottky barriers to lateral chemical
inhomogeneity in case studies of metalÕGaN„0001… interfaces

A. Barinov, L. Gregoratti, and M. Kiskinova
Sincrotrone Trieste, Area Science Park, 34012-Trieste, Italy
~Received 10 September 2001; published 30 October 2001!

The response of local Schottky barriers~SB! to local specifics of the interface is readdressed by photoelec-
tron microscopy investigations of metal/GaN interfaces, which reveal that compositional and morphological
inhomogeneities have no effect on local SB heights. This unexpected behavior is ascribed to lateral charge
redistribution between different interface regions leading to homogenization of the SB fluctuations at the
semiconductor surface in contact with the metallic layer.
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Despite the intensive investigations, over a century,
basic mechanism which determines the Schottky barr
~SB! at metal-semiconductor~M/S! interfaces is still an open
issue. Several competing models have tried to explain
experimentally measured SB values. Most of the mod
treat the SB formation in terms of a Fermi level~FL! pin-
ning, but still there is no consensus about the key fac
affecting the FL position within the band gap, name
whether it is determined byintrinsic interface electronic
states or byextrinsicdefect-related states, and how the ele
tron transport at the interface is affected by exchan
reactions, structural rearrangements and late
inhomogeneity.1–6 Studies of the effect of interface morpho
ogy on the SB predict that only the top semiconductor lay
have a sizable effect on the FL pinning.5,6 On the other hand
recent theoretical work excludes the possibility of FL p
ning at M/GaN interfaces. The authors conclude that the
terface dipole, determined by the structural arrangemen
the first metal layer, cannot be properly screened and c
trols the SB height of M/GaN interfaces.7

One of the most serious complications in the elucidat
of the mechanisms involved in the SB formation is that,
stated in most studies, a uniform interface morphology is
idealized case. Real M/S interfaces are not perfect and
tain structural and/or chemical heterogeneities that can in
duce spatial fluctuations in the SB height. Models explain
the nonideal behavior of the Schottky diodes and the dep
dence of the SB height on the doping level and measurem
methods1–4 in terms of different local FL pinning, deter
mined by the local interface specifics, are not applicable
interfaces with unpinned FL. An additional difficulty in trea
ing the effect of microscopic morphology on the electr
transport at M/S interfaces is that interactions between a
cent regions with different electronic properties should
considered as well.

Essential for elucidation inhomogeneity effects is dire
experimental access to the lateral variations of the interf
composition and band bending~BB!. One of the promising
methods used recently for measuring the SB inhomogen
is ballistic electron emission microscopy~BEEM!.8–11

BEEM has an atomic resolution but lacks surface and che
cal sensitivities. This is a serious weakness because the
eral SB fluctuations are predicted as a natural result of in
mogeneity of the structure and chemical composition of
0163-1829/2001/64~20!/201312~4!/$20.00 64 2013
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interface. Apparently, quantitative understanding of the f
tors contributing to the SB inhomogeneity requires a te
nique capable of probing both the local composition of t
M/S interface and the corresponding BB at the surface. T
requirement is met by adding submicrometer lateral reso
tion to photoelectron spectroscopy, a chemically sensi
method where the probing depth can easily be set to less
50 Å.1,12,13The determination of the SB height is based
the simple mechanism of band bending, which leads to
energy shift of the photoelectron~PE! spectrum and does no
depend on the transport mechanisms across the barrier.12 Al-
though the spatial resolution of photoelectron microscop
50–100 nm, is less than that of BEEM, they have alrea
demonstrated their potential in studies of heterogene
interfaces.13,14

Our studies of M/GaN systems have been motivated
reports in which lateral variations of the electronic propert
of M/GaN interfaces, induced by the defect structure of
GaN films, are held responsible for the unstable performa
of technologically important GaN-based devices.15,16 The
theoretical predictions that structural differences between
M/GaN interfaces play a more important role than me
electronegativity also render the M/GaN interfaces intere
ing model systems for probing the SB inhomogeneity.7 In the
framework of these predictions our results that the chem
lateral heterogeneity, induced by annealing of Au/GaN a
Ni/GaN interfaces has a negligible effect on the local S
seemed rather surprising.17,18 With the present study of a
highly reactive Ti/GaN interface we confirm the insensitivi
of the SB to the local specifics of M/GaN~0001! interfaces, a
finding that stimulates reconsideration of the factors cont
uting to the transport properties across M/S junctions.

All experiments were carried out with a spatial resoluti
of 0.12 mm using the zone-plate based scanning photoe
tron microscope~SPEM! at the ELETTRA synchrotron light
source.19 The SPEM has two operation modes, imaging
collecting photoelectrons with a specified kinetic ener
while scanning the sample, and spectroscopy from a
crospot. The contrast of the images reflects the lateral va
tion in the photoelectron yield within the chosen energy w
dow. The electron levels energy shifts are the fingerpri
used for elucidating the elemental chemical state and
The SPEM spectral resolution of 0.3 eV allows determin
tion of the BB-related energy shifts of the Ga 3d core lines
©2001 The American Physical Society12-1
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of GaN with accuracy better than 0.05 eV. The binding e
ergies~BE! of the atomic levels are referred to the equili
rium FL, measured on the Ta clips holding the sample. T
SPEM station is equipped with facilities forin situ specimen
preparation and characterization by low energy electron
fraction ~LEED! and Auger electron spectroscopy~AES!.

The samples,;0.5–1.0 mm GaN epitaxial layers grown
on highly-doped Si or SiC substrates, had a high natu
n-doping level (>5531016 cm23) and carrier mobility
(>5500 V21 cm2 s21) and did not charge-up. Atomi
cally clean GaN surface, confirmed by the AES and PE sp
tra, was obtained by cycles of N2 ion sputtering~0.6 kV! and
annealing to 850 °C. The Ga 3d, N 1s and valence-band
spectra of the clean GaN surface were very similar to th
previously measured and theoretically predicted.20–24The Ga
3d spectrum, shown in Fig. 1~a!, requires two GaN fitting
components, which account for the band dispersion of the
3d semicore levels.23,24 The energy shifts of these compo
nents, which preserve their line shape, energy separation
intensity ratio after metal deposition and interfacial rea
tions, are used as a measure of the local BB. There is al
small surface component, shifted by;0.6 eV, which disap-
peared after metal deposition.

Metal films were deposited through masks, leaving
metal-free GaN surface as a reference. Here the interface
formed by deposition of 5 Å Ti on a clean GaN~0001! at
room temperature~RT!. For the used photon energy of 58
eV and detection geometry the escape depth of Ti 2p, N 1s,
and Ga 3d photoelectrons is;2.5, 2.8, and 5.2 Å, respec
tively, which means that our effective probing depth is le
than 20 Å.

By mapping different areas of the reactive Ti/GaN inte
face after Ti deposition we found Ti-enriched regions w
preferential orientation along the main crystallographic
rections of the GaN~0001! surface. Figure 2 shows suc
area, where the Ti-enriched regions appear brighter in th

FIG. 1. Ga 3d ~a! and Ti 2p ~b! spectra taken from differen
regions of the laterally heterogeneous Ti/GaN interface at RT
after annealing to 800 °C. The spectra from the Ti-enriched reg
are indicated by ‘‘d’’. The dashed line indicates the BB-induce
shifts of the GaN-related peak. The Ga 3d spectrum of an atomi-
cally clean GaN surface is shown in the bottom panel of~a!.
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2p map and darker in the Ga 3d and N 1s maps~due to
stronger damping of the Ga 3d and N 1s emission from GaN
by the locally thicker Ti film!. After correction for the attenu-
ation effect only the contrast of the N 1s image inverts~see
N1(c) in Fig. 2!, indicating that the Ti-enriched regions con
tain slightly more N as well. This spatial heterogeneity of t
interface can be attributed to the presence of ‘‘defect’’
gions in the GaN films,25 which are more reactive and act a
agglomeration centers for Ti. From the attenuation of the
3d emission from GaN we evaluated that the Ti film in th
Ti-enriched regions can become two times thick
(;10 Å). The lateral heterogeneity manifested by the i
ages in Fig. 2 is by no means a general phenomenon. In
the Ti/GaN interface was dominated by large uniform are
covered with a 5 Å Ti film. Similar enrichment of ‘‘defect’
areas with metal was also observed for Au/GaN and Ni/G
interfaces after annealing and onset of interfac
reaction.17,18

The immediate onset of a chemical reaction after
deposition of Ti is manifested by the spectra in Fig.
namely growth of a new component in the Ga 3d spectra,
R-Ga; and by two-component Ti 2p line shape, resembling
the Ti 2p spectra of Ti nitrides (TiNx50.521), in which the
intensity of the higher BE component increases with incre
ing x.26 In both regions the BE of R-Ga is lower than th
measured for a thick Ga metallic film deposited on G
~18.6 eV!. In addition to the higher local Ti and N concen
tration spectral features that distinguish the Ti-enriched
gions are the higher intensity and the more pronounced
shift of the R-Ga, plotted as a function of temperature
Figs. 3~a! and 3~b!. The different BE of R-Ga indicates non
equivalent coordination of Ga with Ti, Ga and N atoms, e.
spatial variations in the stoichiometry and in the structure
the metallic layer, which can be described as a tern
TiNxGay phase. The N in the formed Ti nitride phases i
duced only a broadening of the N 1s spectra~not shown
here!, a bit more pronounced in the spectra from the
enriched areas.

d
s

FIG. 2. Ti2p, Ga3d, and N1s images (64364 mm2) of areas
with lateral chemical heterogeneity. The N1s(c) image is obtained
after correction of the N 1s image for the attenuation effect of th
Ti film.
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Step annealing of the Ti/GaN interface up to 800 °C~tem-
peratures up to 900 °C are used in semiconductor industr
form stable contacts in nitride devices! leads to further deg-
radation of the GaN top layers and formation of a pha
approaching the TiN stoichiometry. This was evidenced
the evolution of the Ti 2p spectrum, in which the higher BE
Ti 2p component gained weight in both regions@Fig. 1~b!#,
and by the increased intensity of the N 1s signal ~not
shown!. With increasing temperature the R-Ga approac
the BE of metallic Ga@see Fig. 3~b!#. The R-Ga disappear
after annealing to 800 °C due to Ga evaporation and the
3d spectra become identical to that of GaN. The contr
level of the Ga 3d maps observed at RT~Fig. 2! undergoes
very small changes even after annealing to 800 °C, indi
ing that the abruptness of the interface and the difference
the local film thickness are not substantially affected by
temperature-induced transformations. We tentatively
tribute this to a low mobility of the metallic TiN compound
This is a notable difference compared to the behavior of
Au/GaN ~Ref. 17! and Ni/GaN~Ref. 18! interfaces, where
upon annealing only Au~Ni!-Ga alloying occurs accompa
nied by penetration of Ni and Au atoms in the GaN lattic

The Ti-induced band bending,FB , in the different re-
gions is plotted in Fig. 3~c! as a function of temperature
Since the Ti nitride related features cannot be unambiguo
resolved in the N 1s spectra, only the Ga 3d shifts of GaN
were used for evaluation ofFB . Each point is obtained from
Ga 3d spectra measured in four Ti-enriched regions~at least
2 spectra per region! and several spectra taken randomly
the remaining area. TheFB values are corrected for surfac
photo voltage effect~SPV!, caused by the high flux density
(;109 photon/secin 0.01mm22 spot), used in SPEM
experiments.13,27 For the Ti/GaN interface, where the evolv
ing metallic layer has a distinct FL, the SPV-induced ba
flattening was easily corrected by alignment to the posit
of the equilibrium FL. The FL of the Ti-enriched region

FIG. 3. Plots of the intensity ratio, IR-Ga(‘d8) /IR-Ga, between
R-Ga from Ti-enriched and the remaining areas~a! the evolution of
the BE of R-Ga from the Ti-enriched~open circles! and the remain-
ing areas~filled circles! ~b! and BB changes,FB , ~c! as a function
of temperature.
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always coincided with the equilibrium one, while a SPV u
to 0.15 eV was measured in the rest areas. Since in SP
experiment the leakage current caused by SPV is due to
between the illuminated microspot and the adjacent noni
minated areas, the lateral variations of the SPV reflect a n
uniform conductivity of the interface. The absence of SPV
the Ti-enriched regions can be explained by the lower re
tivity of the thicker metallic film. Figure 3~c! shows thatFB
decreases with annealing temperature, i.e., with increasin
content due to the conversion of the TiNxGay phase into TiN.
The FB decrease contradicts the electronegativity mode28

which predicts an increase ofFB with the accumulation of
electronegative N atoms. The occurrence of a chemical re
tion accounts for this discrepancy. Changes in the stoichio
etry of the metallic TiNxGay phase undoubtedly affect th
bonding configuration of the film to GaN surface and in tu
the interfacial dipole. Creation of N vacancies in the top G
layers will also contribute to the BB movements.

The most striking result is that after each treatment
sameFB values were measured in the different regions
spite the differences in the film thickness and chemical co
position, as manifested by the same Ga 3d energy position of
GaN in Fig. 1~a!. Considering also the difference in the loc
reactivity it is unlikely that the atomic arrangement and d
fect density of GaN layer in contact with the film is uniform
The negligible influence of the chemical lateral heterogene
on the local BB appears to be a characteristic feature
M/GaN interfaces, since Au/GaN and Ni/GaN interfac
show the same peculiar behavior.17,18 This finding is rather
unexpected considering the reported strong dependenc
the SB height on the work function and structure of t
M/GaN interface.7,11,15None of the existing models can ea
ily explain the experimental evidence of lateral variations
the microscopic morphology on both the metal and semic
ductor side of the interface occurring on a length scale lar
than the width of the depletion zone, and the homogene
bend bending.

We explain the observed insensitivity of the SB by mutu
interactions between the different regions. We assume
spatially separated regions have differentFB , but when they
are in contact the requirement that the metallic layer sho
be equipotential leads to homogenization ofFB . Let us sup-
pose that there is aFB difference between two adjacent re
gions, which creates a potential bias. In the presence
large density of free carriers lateral charge redistribution w
occur, smoothing the potential fluctuations. Thus the lo
BB would be determined not only by the specific morph
ogy of the interfacial layer but also by the lateral char
exchange between the different interface regions. In fact
homogenization of the potential fluctuations at the semic
ductor surfacein contact with the metal should have mo
general validity; it is a natural consequence of both the pr
ence of a metallic layer and the metallization of the top se
conductor layers~due to metal induced gap states and/or s
surface penetration of the metal!. However the charge
transfer across the surface can be inhibited in systems
strong FL pinning such as nonintimate interfaces on conta
nated semiconductor surfaces. We would like to stress
the constantFB at the semiconductor surface, measured w
2-3
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our extremely surface-sensitive method and the sugge
charge redistribution mechanism does not exclude lat
variations of the potential deeper into the space-charge
gion.

In summary, we observed by photoelectron microsco
that the local SB height is insensitive to the lateral chem
heterogeneities at metal/GaN interfaces and have readdre
the mechanisms governing the built-up potential at M/S
terfaces. We interpret our findings in terms of charge red
r-

e
,

e

c

.
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tribution leading to homogenization of the SB fluctuations
the semiconductorsurface. Systematic investigations o
other M/S systems are necessary to find out if the insens
ity of band bending at semiconductor surfaces to the mic
scopic interfacial morphology is limited to Me/GaN inte
faces or is a more general phenomenon.
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