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Unoccupied band structure of wurtzite GaN„0001…
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We report an inverse photoemission study of the unoccupied states of thin-filmn-type wurtzite GaN. For
incident electron energies below 30 eV, free-electron bands do not provide a good description of the initial
state. However, using a calculated quasiparticle band structure for the initial state, we can obtain good agree-
ment between our measurements and the calculated low-lying conduction bands. No evidence of unoccupied
surface states is observed in the probed part of the Brillouin zone, confirming earlier angle resolved photo-
emission studies, which identified the surface states on GaN~0001! as occupied dangling bond states, resonant
with the valence band.@S0163-1829~99!09007-4#
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I. INTRODUCTION

Wide-gap nitride semiconductors~such as GaN, InN,
AlN, and their alloys! are an important class of electron
materials. Rapid progress is currently being made in the
velopment of electronic devices based on heteroepitaxi
grown wurtzite films of these nitrides.1 Extensive investiga-
tions of the basic electronic structure of such films are
progress, and the results of soft x-ray emission~SXE!, soft
x-ray absorption~SXA!, and angle-resolved photoemissio
~ARPES! studies ofn-type thin-film wurtzite GaN have bee
reported recently.2,3 SXE and SXA measure the bulk va
lence and conduction-band partial density of states, w
ARPES measures the dispersion of both surface and
valence-band states. Missing from these studies are mea
ments of thedispersionof the unoccupied conduction-ban
states. Because the unoccupied bands are the final ele
states in any absorption event, a detailed measuremen
their structure is of importance.

We report here the first measurement using inverse p
toemission spectroscopy~IPES! of the band structure of the
unoccupied states inn-type thin-film wurtzite GaN. IPES
provides information for the unoccupied states equivalen
that provided by ARPES for the occupied states. We fi
that, for incident electron energies below 30 eV, fre
electron bands do not provide a good description of the
tial IPES states. However, guided by a calculated quasi
ticle band structure for the initial IPES state, we obtain go
agreement with the calculated low-lying quasiparticle co
duction bands.4 Combining the present momentum-resolv
IPES studies with the earlier ARPES results,2 we are able to
confirm the direct gap of 3.5 eV predicted in quasiparti
band-structure calculations.4
PRB 590163-1829/99/59~7!/5003~5!/$15.00
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II. EXPERIMENTAL AND NUMERICAL DETAILS

The IPES measurements were made using an
Rowland circle high-resolution grating spectrometer that
been discussed in detail elsewhere.5 This spectrometer al-
lows the detection of photons in the range of 9 to 35 eV.
varying the energy of the incident electrons one can mea
the photon-energy dependence of the favored transitions
different final states close to the Fermi level. The over
energy resolution of the instrument was approximately
eV.

The wurtzite GaN films studied were grown using ele
tron cyclotron resonance assisted molecular-beam epitax
sapphire substrates as described elsewhere6 and were Si
dopedn type with carrier concentrations of 531017cm23.
The films were of high quality as determined from resist
ity, mobility, carrier concentration, and photoluminescen
measurements. Samples were transported in air, rin
in a 1:10 solution of concentrated HCl and deioniz
water, mounted in the analyzer chamber~base
pressure,3310210mbar!, and outgassed for several hours
900 °C. The sample surfaces were cleaned using a proce
similar to that of Bermudezet al.:7,8 first a Ga layer was
evaporated onto the surface, but was then partially remo
by repeated annealing to 900 °C, resulting in the simu
neous removal of much of the surface oxygen. The sam
was next subjected to repeated cycles of sputtering with
keV N2

1 ions and annealing in ultra-high vacuum at 900 °
Auger electron spectroscopy indicated that this procedure
duced the surface oxygen concentration levels to less
2%, with no indication of any other surface contaminatio
The sample exhibited a sharp (131) low-energy electron
diffraction pattern on a low background with no evidence
a surface reconstruction or faceting. All measurements
5003 ©1999 The American Physical Society
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5004 PRB 59T. VALLA et al.
ported here were performed with the sample held at ro
temperature. Binding energies are referenced to theEF , de-
termined from an atomically clean piece of Ta foil in ele
trical contact with the sample.

Spectra were interpreted by considering the unoccup
states betweenG andA along theD line. Wave functions for
electron states in the bulk were computed using the lo
density approximation9,10 for exchange and correlatio
within the pseudopotential/plane-wave framework.11 Wave
functions were constructed from a smaller basis set of lin
combinations of plane waves~‘‘optimal’’ basis functions!,
which are described in Ref. 12. Forw-GaN, the optimal
basis set was constructed to optimally span electron stat
G and bothA’s ~i.e., on both hexagonal faces of the Brillou
zone!. States in the eight occupied valence 32 lowest un
cupied bands were considered, an 81-Ry plane-wave cu
was used to describe electron states, whereasB functions12

were computed with a 100-Ry cutoff. 110B functions were
used. For further details of aspects of the calculation of e
tron wave functions, the reader is referred to Ref. 12. Ba
~quasiparticle! energies were taken as the energies obtai
in the local-density approximation but corrected to inclu
self-energy~many-body! corrections. Corrections to the ban
gap are taken from Rubioet al.4 Besides a correction to th
local-density approximation band gap, the results of Re
also suggest a substantial stretching of the energy scale
unoccupied bands, so that self-energy corrections bec
increasingly positive for higher and higher conduction ban
Such a trend was doubted by Lambrechtet al.13 and no
stretching was assumed in this work. Therefore, the assu
quasiparticle energies reflect the local-density approxima
energies plus a constant offset to achieve a band gap o
eV.

To compute angle-resolved inverse photoemission sp
tra, one requires initial- and final-state electron wave fu
tions and energies, as well asp•A matrix elements connect
ing initial and final states. A complete treatment wou
necessitate some description of electron wave functions
the surface of a semi-infinite solid. An incident electron w
some energyE should have a plane-wave-like wave functio
in the vacuum, but the wave function should have a spa
character similar to that of isoenergetic conduction-ba
states in the solid. The transition matrix element between
incident initial state and band final states may be written

^Fnqup•AGq~E!uC inc&} (
n85empty

^Fnqup•AuFn8q&

3^Fn8quC inc&~E1 iG2«n8q!21.

Here,uFnq& is a bulk state in bandn with crystal momen-
tum q, having quasiparticle energy«nq . G accounts for
quasiparticle life-time broadening~or, alternatively, the finite
electron mean-free path at energyE!. The above expressio
relies on decomposition of an incident electron wave fu
tion into bulk conduction bands in the solid. Smallness
photon momentum permits consideration of vertical tran
tions only. Such an expression may be deduced from
matrix element relevant in the~time-reversed! direct photo-
emission case.
m

d

l-

ar

at

c-
ff

c-
d
d

4
for

e
s.

ed
n
.5

c-
-

ar

al
d
n
s

-
f
i-
e

At sufficiently high kinetic energies, the incident electro
state could be approximately represented as a plane w
without severe approximation. However, the low kinetic e
ergies characterized by this work suggest that an equally
equate treatment of the incident electron state in this c
would be rather involved. Decomposition of this state in
bulk-like states in the solid is complicated both by the stro
effects of the crystalline potential at such low energies a
by uncertainty as to how to match the incident vacuu
plane-wave with bulk-like states at the surface. Instead,
have noted that free-electron plane-wave states within
mentumG1q @G[(002),(003)# are the plane-wave state
closest in energy to the initial state. By symmetry, only
subset of the real band states along theD line should couple
at all to a normally incident plane wave, and those that
couple have nonzero (00N) Fourier components ofunq(r )
5Fnq(r )/exp@iq•r # for either oddN or evenN, but not both.
As a crude approximation, therefore, the photon emiss
spectrum~as a functionE and photon energyhv! may be
characterized by

S~hv,E!} (
n5empty

(
q

(
e

$ z^Fnqup•eGq~E!u002& z2

1 z^Fnqup•eGq~E!u003& z2%d~hv1«nq2E!,

wheree denotes the electric-field polarization vector. This
the expression that was used. This approximates the size
matrix elements, yet all energy-conservation and symme
considerations are taken into account. Therefore, meanin
comparison between theoretical and measured spectral
tures can be done. We have usedG51 eV ~2 eV full width at
half maximum!, and Gaussian energy broadening of thed
function was used to effect 0.5 eV resolution.

III. RESULTS AND DISCUSSION

Figure 1 shows inverse photoemission spectra recor
with the electron beam incident along the normal of t
GaN~0001! surface, with initial energies in the range fro
12.3 to 29.8 eV aboveEF . For the wurtzite~0001! surface,
normal-incidence IPES probes the states with mome
along theGDA symmetry line in the bulk Brillouin zone
The spectra clearly show dispersive features that extend f
;2 up to 11 eV aboveEF . These features correspond
photon emission resulting from radiative transitions into lo
lying final states in the inverse photoemission process. Un
the assumption that transitions from the initial states to th
final states are direct~i.e., energy and momentum conser
ing!, it is possible to reconstruct the dispersion of the final,
well as of the initial IPES states. It is important to keep
mind that in each spectrum in Fig. 1, the observed final sta
have approximately the same wave vector~because each
spectrum involves a particular range of initial states!. This is
the primary difference between IPES as performed here,
isochromat IPES or ARPES spectra, and it allows us to c
duct a simultaneous mapping of both initial and final ban

As is the case when extracting band dispersion for oc
pied states using ARPES, the normal component of the w
vector of the unoccupied states (k') cannot be determined
absolutely by the IPES experiment. The lower bands~final
state in IPES, and initial in PES! are commonly mapped
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PRB 59 5005UNOCCUPIED BAND STRUCTURE OF WURTZITE GaN~0001!
using empirical free-electron-like upper bands~initial state in
IPES, and final in PES!, but for many materials this approx
mation is found to be incorrect.

From Fig. 1, it is clear that the dispersive features
proach extremal energies at certain values of the initial
ergy. These extrema can be used to identify the positionk

FIG. 1. IPE spectra of GaN~0001! surface recorded at norma
incidence for the incident electron energy in the range from 12.
18.3 eV~a!, and from 18.8 to 29.8 eV~b!. Energies are reference
to the Fermi level.
-
-

space of high-symmetry points within the zone. In our ca
these points correspond to the zone center~G! or to the zone
boundary~A!. The first of such extrema is observed at 1.5
eV above the Fermi levelEF for the initial energy of 13.8 eV
@Fig 1~a!#. This is the lowest state seen in the whole series
spectra, and we assign it to the bottom of the conduct
band at the zone centerG1 . It disperses upwards, and a
quires a maximal energy of 4.5–5 eV aboveEF ~at an initial
state energy of 16–17 eV! where it becomes degenerate wi
a less dispersive state. We assign this point to the z
boundary and thus designate the observed maximum as
A1,3 point. The same dispersion~from G to A! is repeated in
Fig. 1~b! between 18.8 eV~G! and 25–27 eV~A! initial
electron energy. In addition, transitions to two other ban
can be seen in Fig. 1~b! at higher initial energies. One o
these features has minimal energy~;7 eV! at the same initial
state energy~25–27 eV! where the two lower bands acquir
their maxima. Further evidence for the proper assignmen
the zone boundary~A! is that, wheneverk' passes through i
~16–17 eV or 25–27 eV initial state energies!, an intensity
transfer from the lower final states to the higher ones occ
with increasing initial state energy. The same effect is o
served for metal surfaces and can be understood in term
a simple, two-band nearly free-electron model of t
~inverse! photoemission process close to the zo
boundary.14

We can combine our IPESG point emission spectrum fo
the conduction-band states with a previously publish
ARPESG point emission spectrum for the valence band
determine the direct gap. The momentum-resolved gap
'3.3 eV shown in Fig. 2, is in good agreement with t
calculated gap of 3.5 eV in quasiparticle band-structure c
culations. The latter comparison is appropriate in that
quasiparticle band gap represents the difference between
ionization potential and the affinity level. Figure 2 is als
direct evidence of the band bending near the~0001! surface,

to

FIG. 2. IPE spectrum recorded at theG point ~13.8 eV spectrum
from Fig. 1! ~right!, and PES spectrum~left! taken at the same poin
~Ref. 2!. The obtained value of momentum-resolved gap at t
point is '3.3 eV.
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5006 PRB 59T. VALLA et al.
which for our sample is measured to be'1.5 eV. This ob-
servation allows us to reference measured energies to
VBM.

In Fig. 3 we compare the experimentally determined d
persion of the unoccupied bands with the calculated qu
particle band structure. The energy scale is referred to
valence-band maximum~VBM !. The position of the vacuum
level indicates the measured value of the work funct
~4.3060.15 eV, as measured by the retarding field metho!.
The experimental points in the band dispersions are de
mined by first identifying the critical points and then allow
ing the experimental dispersion to take the same form as
calculated dispersion for the final states. In fact, this
proach of determiningk' by comparison with calculated fi
nal state bands is similar to that used in an earlier PES s

FIG. 3. Comparison of measured band structure~symbols! and
quasiparticle band-structure calculation~solid lines!. Thick lines de-
note bands which couple strongly toG5(002) plane wave. Solid
symbols represent experimental points of initial IPES states, w
open symbols denote corresponding final states. An error is rou
represented by the size of the symbol. The free-electron para
used as the final PES state in Ref. 2 is shown for comparison~dot-
ted line!. Energies are referenced to the valence-band maxim
~VBM !.
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of III-V compound semiconductors.15 It is clear from the
figure that reasonable agreement between experiment
calculation is obtained for all bands that have the appropr
symmetry for observation. The initial state bands at hig
energies are constructed by adding the appropriate ph
energy to the final state bands.

The most sensitive point in determining the band struct
from IPES spectra is proper identification of the critic
points. The critical points determined experimentally fro
the spectra in Fig. 1 do not agree with those expected if
initial IPES states were free-electron like. For example,
stead of only one band crossing fromG to A as expected
from a free electron parabola, we observe two crossing
our range of initial energy. Clearly, the free-electron appro
mation for the upper IPES bands in GaN is not valid. No
however, that a free electron final state was used to ext
the valence-band dispersion in the recent ARPES study2 and
gave good agreement with the quasiparticle band structu4

This is due to the fact that higher photon energies of 35
100 eV were used in the ARPES study~and consequently
higher final state bands were probed!, while much lower en-
ergy bands are being probed here. The higher in energy
more free electron like the empty states should become
low photon energy ARPES study might have to use
empty states determined here for the final states in extrac
the valence-band structure.

In Fig. 4 we show calculated IPES spectra as a function
incident electron beam energy. A detailed examination
these calculated spectra shows moderate agreement wit
experimental spectra presented in Fig. 1. In particular,
low-incident energies, a feature is observed close to the
tom of the conduction band. As the incident energy is
creased, this feature disperses to higher energies in the
duction band. At the higher energies corresponding to
spectra in Fig. 1~b!, the calculation reproduces much of th
behavior experimentally observed for the features in
range 2–4 eV above the Fermi level and in the range 8
eV aboveEF . The simulated spectra suggest that furth

le
ly
la

m

FIG. 4. Theoretical inverse photoemission spectra as descr
in the text. Intensity is shown as a function of electron final st
energy, for several values of incident electron energy, indicated
each spectrum~measured in eV!.
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PRB 59 5007UNOCCUPIED BAND STRUCTURE OF WURTZITE GaN~0001!
attention to describing the electron initial state wave funct
may benefit future work.

Our calculation indicates that the direct transitions res
ing in these spectra correspond to initial states that we
the ~002! plane wave. These bands are highlighted in Fig
with the solid lines. As can be seen from the figure, th
latter lines closely parallel the experimentally determin
initial states and strengthen our assignment of critical poi

IV. CONCLUSIONS

Our IPES study has allowed the first detailed study of
dispersion of the conduction bands in wurtzite GaN. In a
dition, the nature of the present experiment allows simu
neous determination of several of the higher lying cond
tion bands. Good agreement is found between
experimentally measured conduction bands and the s
bands determined in a quasiparticle band calculation, p
vided that the energy scale for the conduction-band comp
is assumed to be like the energy scale of the local-den
approximation results. That is, the conduction band is fou
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to lie where predicted in the quasiparticle calculations,
cept that intervals between lower and higher conduct
bands are similar to those found in the local-density appro
mation, and not as large as found by Rubioet al.4

By combining the present measurements with an ear
PES study, we find the momentum-resolved band gap at
center of the zone to be'3.3 eV, confirming the direct gap
of 3.5 eV predicted in calculations. Finally, we note that
unoccupied surface states have been identified in this st
an observation that confirms earlier ARPES studies that
dicated the surface states on GaN~0001! represent occupied
dangling bond states.2
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