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Surfaces of GaN films have been investigated with photoemission spectroscopy. The measured
valence band is in good agreement with band structure calculations and correlates well with
tunneling luminescence measurements performed on the same samples. The effect of N depletion on
band structure is explored, clarifying disagreements in previous photoemission
measurements. ©1996 American Institute of Physics.@S0003-6951~96!02448-5#
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Because of its large direct band gap, gallium nitri
~GaN! has attracted interest for the development of blu
green laser diodes and light emitting devices.1–3 GaN films
can be synthesized either in the hexagonal wurtzite struc
~a-GaN! or in the cubic zinc-blende phase~b-GaN!,4,5 al-
thoughb-GaN films are usually very difficult to grow. Be
cause of the difficulty in making structurally and compos
tionally high quality films, the electronic structure of GaN
far less well known than that of some other Ga-V semico
ductors, e.g., GaP, GaAs, and GaSb. Numerous band s
ture calculations have been performed.6–11 They have been
compared with optical measurements12 and limited photo-
emission spectroscopy measurements.13–19There have as ye
been no systematic measurements on surfaces of GaN
are believed to beclean. Different groups do not even agre
on the binding energy of Ga~3d! core levels.13–19 In this
Letter, we report a study of the surface of GaN films grow
by halide vapor phase epitaxy~HVPE! using synchrotron
radiation angle-integrated photoemission spectroscopy.
measurements indicate that the variability in results obtai
by different groups is related to contaminants on and
stoichiometry of the surface of GaN.

We used n-type ~0001!-oriented single-crystal GaN
films with the wurtzite structure, grown on~0001! sapphire
by halide vapor phase epitaxy. The film growth procedu
have been described elsewhere.20 The samples exhibit a low
reactivity to surface contamination or chemical modificatio
They were transferred into the photoemission chamber at
Synchrotron Radiation Center~SRC! through a load-lock
without being baked. The photoemission chamber has a b
pressure of 1.4310210 Torr and is equipped with an ion
sputtering gun and a station for heating the sample thro
electron beam bombardment. The energy resolution of
measurements, determined by the measurement of the F
edge of a sputter-cleaned copper foil, is 0.2 eV. The angle
incidence of the light is 45°.

Figure 1 shows photoemission energy distribution curv
using a photon energy of 50 eV taken on the surface o
;22 mm thick GaN film treated in different manners. Spe
trum ~a! was obtained on an as-grown surface without a
post-growth treatment. The main features are the vale

a!Synchrotron Radiation Center, University of Wisconsin–Madison, Stou
ton, WI 53589.
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band between 2.7 eV and 13.6 eV, and the Ga~3d! core level
at 22.2 eV. The intensity of Ga~3d! line is relatively weak
compared with the intensity from the valence band. Tw
peaks at 18.3 eV and 15.6 eV are assigned to surface c
taminants for reasons stated later. After we exposed the
grown surface to the zero-order light from synchrotron radi
tion for about 20 min, which is equivalent to a
photodesorption cleaning procedure, the peak at 18.3 eV a
the shoulder at 15.6 eV were reduced significantly, as sho
by spectrum~b! in Fig. 1, while the main valence peak and
Ga~3d! line shifted towards smaller binding energy. Thes
changes are consistent with a modification in the local ele
tronic states upon removal of a thin overlayer of contam
nants absorbed on the clean GaN surface. The changes in
surface charge cause a change in the local electrostatic
tential and therefore a rigid shift in energy of the electron
states with respect to the Fermi level.21 The photoelectron
emission in the gap observed in spectra~a! and~b! of Fig. 1

h-

FIG. 1. Photoemission spectra for the valence band and Ga~3d! core level
taken on the surfaces of GaN treated in different ways:~a! as-grown;~b!
cleaned with exposure to the zero-order light from synchrotron radiation;~c!
cleaned by electron beam heating for the bulk; and~d! cleaned by Ar1

sputtering.
3351)/3351/3/$10.00 © 1996 American Institute of Physics
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also seems to be related to contaminants. They are not li
Ga-related since they can be removed by thermal heatin
shown in spectrum~c!.

Spectrum~c! in Fig. 1 was obtained for the surface o
GaN subjected to electron bombardment on the back of
sample. The sample was heated at about 500–600 °C se
times for several minutes. It was then flashed to ab
900 °C for 2 s. After such a procedure, the peaks at 18.3
and 15.6 eV disappear. The intensity of the Ga~3d! line in-
creases dramatically. The main features in the valence b
become clearly resolved. We believe that the procedure u
to obtain spectrum~c! gives a reasonably clean surface.

Curve ~d! in Fig. 1 was obtained on a surface that w
sputter-etched with Ar1 for about 30 min. It has been
reported18 that this procedure will change the surface stoic
ometry of GaN significantly because of loss of N in the su
face layers. As one can see, the Ga~3d! peak intensity in-
creases at least a factor of 2. At the same time, its posi
changes from 20.7 eV to 19.4 eV, shifting towards sma
binding energy.

Figure 2 shows a closer look at the valence band for
clean near-stoichiometric GaN surface~solid line! and its
comparison with a clean non-stoichiometric surface~dotted
line!. For the near-stoichiometric surface, the domina
structures are centered at 5.4 eV and 9.7 eV belowEf . Ac-
cording to the band structure calculations, the 5.4 eV feat
is mainly nitrogenp-derived, and the 9.7 eV one is assoc
ated with hybridized Ga~s! and N~p! states. The binding en
ergies of these two features are 1.9 eV and 6.2 eV if one u
the valence band maximum~VBM ! determined using a lin-
ear extrapolation as shown in the inset of Fig. 2 as ene
reference. The location of these two maxima in the pho
emission spectrum appears to fit very well with the ma
density of states~DOS! features predicted in band structu
calculations.10 In Fig. 2, the VBM is 3.560.1 eV below the
experimental Fermi level, which can be viewed as the ba
gap value if we assume that the Fermi level is right at
conduction band minimum~CBM!, consistent with our sepa
rate photoluminescence measurement22 which shows a 3.37

FIG. 2. Valence band photoemission spectra of clean surface of GaN
pared by electron beam heating~solid curve! and~b! Ar1 sputtering~dotted
curve!. The inset shows the blow-up of the spectra near the valence-b
edge.
3352 Appl. Phys. Lett., Vol. 69, No. 22, 25 November 1996
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eV band gap for these films. The Fermi energy is determine
from a sputter-cleaned copper foil in good electrical contac
with the sample. The depletion of N in the surface change
the spectrum significantly: the lineshape of the valence ban
changes and states appear in the gap. While the feature a
sociated with hybridized Ga~ s! and N~p! states remains in-
tact, the nitrogenp-derived structure has been reduced in
intensity.

We have repeated these measurements for photon ene
gies between 33 eV and 150 eV. Except for a change o
relative intensity for the different features because the pho
toelectron cross sections vary with energy, no detectable dis
persion was observed with photon energy, confirming tha
the observed features are associated with the structure of th
initial density of states.18

We have reported elsewhere20 measurements on samples
grown in the same manner using scanning tunneling micros
copy ~STM! and scanning tunneling luminescence~STL!. In
the tunneling luminescence measurements, holes are inject
into the sample by applying a bias voltage between the
sample and STM tip. The injected holes thermalize rapidly to
the top of the valence band and recombine with the electron
at the bottom of the conduction band and in defect states i
the gap to produce luminescence. The intensity of the lumi
nescence is proportional to the tunneling current, which is
closely related to the density of states for the GaN valenc
band. The lineshape of the valence band for the near
stoichiometric surface~Fig. 2! correlates very well with our
luminescence measurements.20 Both the valence band photo-
emission intensity and the luminescence intensity peak a
about 5.0 eV with respect to the Fermi energy.

Figure 3 shows spectra of the Ga~3d! core level of the
e-beam-cleaned and the Ar1-sputtered surfaces taken at a
photon energy of 50 eV. There is no indication of the
N~2s! peak because the cross section of N~2s! state is very
low at this photon energy. Using a photon energy of 150 eV
we have, however, seen the state appearing as a small bum
centered at 17.5 eV on the lower-binding-energy side of the
Ga~3d! peak. The binding energy of Ga~3d! is determined to
be 20.760.1 eV, in excellent agreement with 20.660.2 eV
reported by Bermudezet al.19 who prepared clean surfaces

pre-

and

FIG. 3. Photoemission spectra of the Ga~3d! core level of~diamonds! clean
near-stoichiometric and~crosses! N-depleted surfaces of GaN. The inset
shows the metallization of the surface upon excessive Ar1 sputtering.
Ma et al.
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of GaN using a somewhat different approach, but is som
what larger than the 19.7 eV values reported earlier.13 We
found no indication of charging typically associated wi
photoelectron emission from insulators, as expected s
our samples conduct well. Such charging would shift spec
to higher binding energy. The Ga~3d! core level spectrum
from a non-stoichiometric surface, resulting from 30 m
Ar1 sputtering~Fig. 3, crosses!, shows an indication of two
peaks, centered at 19.4 eV and 18.8 eV. The peak at 19.4
agrees with 19.760.1 eV,13,16which we believe is associate
with strongly nitrogen-depleted GaN given the way the s
face is prepared. The second peak at 18.7 eV is very clos
the binding energy of Ga~3d! in a Ga metal overlayer~18.4
eV!,23 indicating the possible formation of Ga metal cluste
on the surface. However, the number of clusters is not la
enough to make the surface metallic as we did not see p
toemission intensity atEf . We did see the emission atEf

after further Ar1 sputtering for about 15 min as shown in th
inset of Fig. 3, indicating the formation of a metallic pha
on the surface.

In summary, we have performed photoemission sp
troscopy measurements on thick GaN films grown by hal
vapor phase epitaxy on sapphire. The valence band spec
obtained on the clean surface is in good agreement with b
structure calculations, and correlates very well with tunn
ing luminescence measurements performed on the s
samples.20 Our results of Ar1 sputtered surfaces show tha
the discrepancy in binding energy of Ga~3d! reported by
different groups can be attributed to nitrogen depletion in
surface.
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