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Temperature-dependent optical band gap of the metastable zinc-blende structure P4aN
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The temperature-dependent (10-300 K) optical band gap Eo(T} of the epitaxial metastable zinc-
blende-structure P-GaN{001)4 X 1 has been determined by modulated photoreflectance and used to inter-

pret low-temperature photoluminescence spectra. Eo in P-GaN was found to vary from 3.302%0.004 eV

at 10 K to 3.231+0.008 eV at 300 K with a temperature dependence given by Eo( T)
=3.302-6.697X10 T /(T+600} eV. The spin-orbit splitting ho in the valence band was determined

to be 17+1 meV. The oscillations in the photore6ectance spectra were very sharp with a broadening pa-
rameter I of only 10 meV at 10 K. The dominant transition observed in temperature-dependent photo-
luminescence was attributed to radiative recombination between a shallow donor, at —= 11 meV below the
conduction-band edge and the valence band.

I. INTRODUCTION

a-GaN is a refractory III-V semiconductor with a hex-
agonal wurtzite equilibrium crystal structure and a large
direct band gap, 3.4 eV at 300 K. Interest in the growth
and physical properties of GaN stems primarily from the
desire to utilize this material to fabricate a variety of
near-UV optoelectronic devices including blue-light-
emitting diodes. ' GaN is also predicted to have a high
ballistic-electron drift velocity. However, the success of
GaN optoelectronic devices has been limited due to the
presence of large intrinsic donor concentrations —typical
films have high concentrations ( & 10' cm ) of shallow
donors attributed to N vacancies —and the lack of high-
quality lattice-matched substrates. a-GaN is usually
grown on Alz03 (0001) with which it has a lattice-
constant mismatch of -=16%. Recently, it has been
demonstrated that epitaxial metastable zinc-blende struc-
ture P-GaN, with a lattice constant of 0.4530 nm, can be
grown pseudomorphically on cubic substrates such as
MgO(1 X 1). ' Although still lattice-constant mis-
matched, -=7%, the possibility of growing the cubic
phase increases the number of available substrates and
epitaxial P-GaN has been deposited on the (001) surface
of GaAs, ' P-SiC, ' and Si.

Empirical and model pseudopotential band-structure
calculations for P-GaN (Refs. 10—12) have predicted a
room-temperature direct band gap, which is =—0. 1 —0.6
eV less than that of a-GaN. There is, however, consider-
able disagreement among experimental results. Most of
the measurements have been carried out with films on op-
tically opaque sub strates using cathodoluminescence
(CL). Okumura, Misawa, and Yoshida' observed a sin-
gle broad CL emission feature (hv—=3.81 eV) at 77 K
from P-GaN grown on GaAs. Strite et al. measured the
CL spectra as a function of temperature from P-GaN
grown on GaAs and found several groups of emission

peaks. They assumed that the highest energy emission,
though weak, was due to band-to-band recombination in
P-GaN and estimated that Eo varied from =-3.52 eV at 4
K to =—3.45 eV at room temperature. However, a
stronger set of emissions, presumed to be due to free-
electron-bound hole and donor-acceptor transitions, was
observed at all temperatures, and, at 280 K, consisted of
a single peak at 3.206 eV. Davis' reported the band gap
of P-GaN on P-SiC to be 3.26 eV but provided no infor-
mation as to how the measurement was made. Recently,
Powell et al. obtained a value of Eo (300 K)=3.21
+0.02 eV from transmission and jor refiection rneasure-
ments carried out on P-GaN films grown on MgO.

In this article, we present the results of an investigation
using modulated photore6ectance, together with photo-
luminescence, to determine both the direct optical band
gap Eo and the valence-band spin-orbit splitting b,o for
metastable zinc-blende structure P-GaN as a function of
temperature between 10 and 300 K.

II. EXPERIMENTAL PROCEDURE

All P-GaN films examined were grown on MgO(1X1)
substrates by reactive-ion molecular-beam epitaxy
(RIMBE) in which the primary source of nitrogen is a
low-energy (35 eV) Nz+ ion beam extracted from an ul-
trahigh vacuum hot-cathode single-grid source with mag-
netic confinement. The incident Nz+ to thermal Ga ratio
at the substrate was 2.0 with a film growth temperature
of 650'C. A detailed description of the growth procedure
has been published elsewhere. The films analyzed
ranged in thickness from 1 —1.5 pm and were shown by in
situ refiection high-energy electron diifraction (RHEED)
and post-deposition double-crystal x-ray diffraction,
plane-view transmission electron diffraction (TEM), and
cross-sectional TEM (XTEM) to be epitaxial with a 90'-
rotated two-domain (4X1) surface reconstruction. The
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strated by Aspnes and Rowe' the use of the low-field
model to fit line shapes obtained in the high-field limit
still yields the correct values for the transition energies.
This is because the higher-field line shape is described by
a combination of the same basic Lorentzian components
used to describe the low-field line shape, the only
difference being in the relative weighting factors. The
latter is properly addressed by the inclusion of the phase
angle 8.'

A typical fitted P-GaN hR/R spectra, in this case
T=10 K, is shown in Fig. 3. The best fit was obtained
using 8=1.21 for the Ep transition and 0.48 for the

Eo +60 transition, while the amplitude C was maintained
constant. A measure of the degree of fit for this type of
data is given by one minus the square root of the ratio of
mean quadratic deviation of the fitted line shape, with
respect to the experimental points, to the mean quadratic
amplitude of the experimental spectrum. For Fig. 3, this
yields a value of =—0.9. Equally good fits were obtained
for measurements at 30 different temperatures
throughout the range investigated, 10—300 K. The
broadening parameter I was found to increase monotoni-
cally, as expected, with increasing temperatures, from
=-10 meV at 10 K to —=20 ineV at 300 K. In order to es-
timate the accuracy in the determination of the Ep and
Ep+6p we allowed both the transition energies and the
phase angles to vary around their optimum values.
Maintaining the mean quadratic deviation within &10%
of the minimum value, the variation in the low-
temperatures transition energies is within +2 meV. In-
cluding the precision of the experimental measurements,
yields an overall uncertainty ranging between +0.004 eV
at 10 K and +0.008 eV at 300 K.

Fitted values for the Ep and Ep+b, p transition energies
are shown as a function of temperature in Fig. 4. Ep
varies from 3.302+0.004 eV at 10 K to 3.23120.008 eV
at 300 K with a valence-band spin-orbit splitting of
kp=17+1 meV as estimated from the scattering of the

the addition of the spin-orbit-splitting energy in the
valence band. The very narrow energy width of the oscil-
lations in Fig. 2, comparable to modulated
electrore6ectance data from CraAs obtained at 4.2 K, ' is
an indication of the relatively high quality of the epitaxial
layers.

PR spectra are typically fit using the well-developed
theory for modulated electrore6ectance, ' the essential
features of which are discussed below. %e assume in the
fitting that the PR is due to two closely spaced, in energy,
valence bands in P-GaN: The uppermost being a fourfold
degenerate I's J=—,

' band and the lower a spin-orbit split
I 7 J= ,' band. '—Theexperimentally observed function
hR /R is related to the perturbation-induced changes in
the complex dielectric function s=s, +is& through the
expression

hR
R

=Re(Ce' bs),

where C is the line-shape amplitude and 8 is a phase an-
gle, which depends upon the details of the model em-

ployed to describe the spectra. In the low-field limit,
Aspnes' has demonstrated that the induced changes in
the dielectric function are given by

(2)

1.5
Cubic P-GaN

T=10 K

where A'0 is the electro-optical energy gained by photoex-
cited carriers due to band bending. Photorefiectance, like
electroreflectance, is thus a third derivative technique
and, hence, is very sensitive to band structure near criti-
cal points where there is a high joint density of states due
to the conduction and valence bands being parallel.

The form of the dielectric function s(E) depends upon
the dimension of the critical point, which is assigned ac-
cording to the number of finite masses or curvature radii
of the bands resulting from the energy difFerence E, E„, —
where E, and E„are the conduction- and valence-band
critical-point energies, respectively. For a three-
dimensional Mo critical point, i.e., for transitions to or
from bands with isotropic parabolic masses, ' ' the
dielectric function can be written as'

s(E, I )=Bi (E E+fI )'~— (3)
1.0— Eo Eo+~o

where I" is the broadening parameter due to carrier
scattering processes; B is a parameter that depends on the
dipole moment matrix element the energy, and the
charge-carrier effective masses, ' and E =E,—E„~

Expressions for the optical-modulation-induced
changes in real hc, and imaginary parts hc2 of the dielec-
tric function can be obtained by substituting (3) into (2)
and taking the third derivative. Ac is then substituted
into Eq. (1), where C and 8 are treated as fitting parame-
ters. The low-field condition corresponding to Eq. (2) is
not generally perfectly applicable. It has been shown for
many semiconductors, including GaAs and Ge, that it is
difficult to reach the low-field limit at energies near the
direct gap. ' ' (We estimate in the Appendix that the
present experiments were carried out under conditions
just above the low-field limit. ) Nevertheless, as demon-

0.5—

~ 0.0

c3
—0.5—

386 328 330 3-32 334 336
Energy (eV)

FIG. 3. Modulated photoreQeetance spectra from zinc-
blende structure P CraN at 10 K-fitted using Eqs. (1)-(3) to ob-
tain the direct optical band gap Eo and the spin-orbit splitting
60 in the valence band.
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FIG. 4. Energies of the Ep (lower curve) and Ep+4p (upper
curve) transitions in zinc-blende structure P-GaN at tempera-
tures between 10 and 300 K.

ATE(T)=E(0)— (4)

whole set of experimental differences between those two
transition energies. The solid lines in Fig. 4 are least-
squares fits to the experimental data points using an
empirical expression developed by Varshni to describe
the temperature dependence of the energy gaps of group-
IV and III-V cubic semiconductors

bic semiconductors for which ho is known. Plotting
log(b, c) vs the lattice parameter ao for the III-V com-
pounds GaP, InP, A1As, GaAs, ' InAs, GaSb,
AlSb, InSb, as well as the group-IV semiconductors
Si,z9 Ge 3o n-Sn, ' and CSi results in a straight line in
which Ao increases with increasing ao. This relationship
is supported by high-pressure measurements in Ge, for
example, which show that hc(P ) is proportional to
ao(P)' where P is the hydrostatic pressure and x -=4.
Similar relationships hold for all zinc-blende and
diamond-structure semiconductors, but the exponent de-
pends on the detailed structure of the valence band.
The scatter in hc values in the 50 vs ao plot (where Ao
ranges from 10 to 803 meV) about a least-squares fit to
the data is +0.26. Inserting P-GaN, with ac =0.4530 nm
(Ref. 3) into this plot yields a value of 15.4+10 rneV.
Thus, our experimentally determined b,o value for P-GaN
is well within the scatter in the empirical relationship.

Figure S shows typical PL spectra at temperatures be-
tween 10 and 140 K from a P-GaN sample grown by
RIMBE at T, =650'C. In the low-temperature spectra,
T~20 K, there are three spectral features present. At
T=10 K, the strongest PI. peak is observed at 3.291 eV,
very close in energy to that of the fundamental band gap,
Eo (10 K) =3.302 eV from Fig. 2. A smaller peak is also
present at 3.173 eV with a weak emission band at 3.49
eV. The energy position of the 10 K near-gap peak at
3.291 eV decreases in parallel to that of Eo(T) with in-
creasing T until it disappears at temperatures above
—=140 K. The width and shape of the peak indicate that
it may be composed of two emission bands. Since all the
films are n-type, the most common centers at low temper-
atures are expected to be neutral donors. Thus, we be-
lieve that one or both components of this peak corre-
spond to radiative recombination from a very shallow

where 8 is the Debye temperature and A is a fitting pa-
rameter. Since neither the Debye temperature nor the
sound velocity for P-GaN are known, we used the Debye
temperature for u-GaN, which has been estimated to be
600 K. ' Figure 4 shows that the results are very well de-
scribed by Eq. (4) with A =6.697X10 K ' and T=O
K optical band gap Ec(0)=3.302 eV. The results are not
strongly dependent upon the exact value of 8 used in the
fitting. Similar quality fits are obtained by varying 8 be-
tween 600 and 1200 K. In the latter case, Ec(0) increases
to 3.303 eV, well within the uncertainty in the determina-
tion of Eo(T). Moreover, our room-temperature result,
Ec (300 K) =3.231 eV, is in good agreement with the op-
tical absorption measurements of Powell et al. who ob-
tained 3.21+0.02 eV while our fitted value for Ec(0) is in

good agreement with the theoretical estimate of Bloom
et al. , 3.31 eV. ' The higher values of Eo, which have
been reported for P-GaN based upon cathodolumines-
cence measurements, Ec (300 K)=3.45 eV (Ref. 6) and
Eo(77 K)=3.81 eV, ' we believe stem from inclusions of
second-phase o.-GaN grains in the films as discussed
below.

The spin-orbit-splitting parameter b,c we obtain for P-
GaN, 17 meV, is consistent with the results for other cu-

Cubic
P —GaN

50

70

x2.5

140

l ~ l i l i I i I i I

3.0 3.i 3.2 3.3 3.4 3.5 3.6 3.7
Energy (eV)

FIG. 5. Photoluminescence spectra from zinc-blende struc-
ture P-CxaN at temperatures between 10 and 140 K.
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donor level to the valence band. The fact that the energy
difFerence between this peak and Eo remains constant
with T provides support for this interpretation since the
shallow donor level and the conduction-band edge should
shift in-parallel. Emission from this band is quenched at
temperatures above 100 K due to thermal ionization of
the donor states.

The broad PL band centered at 3.173 eV at 10 K, ap-
proximately 130 meV less than the band-gap energy, is of
weak intensity and is no longer visible above 80 K. With
increasing temperature, it broadens further and the peak
position shifts to higher energies. At 50 K, where the
peak is still clearly observable, it is centered at 3.197 eV.
Based upon its characteristic behavior, we tentatively as-
sign this peak to a donor-acceptor pair recombination
transition.

The 10 K emission band at 3.49 eV is well above the
fundamental band gap of a-GaN as determined from the
PR results presented above, but close to reported values,
3.503 eV at 2 K, for the wurtzite-structure a-GaN
phase. Powell et al. note in Ref. 3 that some of the
present samples exhibit small regions of u-GaN, which
nucleate in the bulk and are entirely surrounded by the
zinc-blende structure P-GaN. Based upon x-ray
difFraction (XRD) measurements, they estimated that the
maximum volume fraction is always less than 10 . We
suggest that previously reported high-energy CL bands,
which were originally assigned to band-to-band recom-
bination from P-GaN, such as the feature which varied
from 3.52 eV at 4 K to 3.45 eV at 300 K reported by
Strite et al. are in fact due to a-GaN inclusions.

Finally, we would like to point out that there are not
strain efFects, due either to lattice misfit or to the
difference in thermal expansion coeScients between the
GaN films and the MgO substrates, on the P-GaN Eo
and Eo+b,o energies reported in this paper. XRD and
electron diffraction measurements show that the films are
relaxed, as expected due to both the large 7.5%
compressive lattice misfit and also the large 59%
differential thermal contraction stress. TEM and XTEM
(Ref. 3) shows the formation of dislocations and stacking
faults with the defect density being extremely high within
about 100 nm of the film and!or substrate interface and
much less at higher thickness. To avoid seeing effects
due to strain in the reflectivity measurements, we used
samples 1 —1.5 pm thick. There are similar very large
misfits and thermal stresses on the other substrates that
have been used for growing P-GaN, such as GaAs and Si.
Thus, one expects that films grown on these other types
of substrates will also be relaxed, and hence, the optical
parameters determined in this work applies to P-GaN
samples grown on different substrates, as long as they are
thick enough to be totally relaxed.

IV. CONCLUSIONS

We have used modulated photoreflectance measure-
ments to make temperature-dependent measurements of
the direct optical band gap Eo (3.302 eV at 10 K to 3.231
eV at 300 K) and the valence-band spin-orbit splitting ho

in metastable zinc-blende structure P-GaN. The temper-
ature dependencies of both Eo and ED+60 were well de-
scribed by the empirical Varshni relationship, which has
previously been shown to hold for a wide range of cubic
semiconductors. The position of the spin-orbit split band
at the center of the Brillouin zone was determined to be
17 meV below the fourfold degenerate valence band. The
dominant low-temperature photoluminescence peak,
which occurred at 11 meV below the conduction-band
edge was attributed to a transition between a shallow
donor level and the valence band.
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APPENDIX

The electroreflectance low-field limit is defined by the
relationship'

en& ry3,
where the electro-optical energy A'Q is given by

1/3

~n= 'F"

(Al)

(A2)

In Eq. (A2), F is the surface electric field and
p~~=m, rn, l(rn, +m, ) is the interband reduced mass,
where m, and m„correspond to the conduction- and
valence-band masses, respectively, evaluated in the field
direction for the transition of interest. We estimate that
F=100 kVcm ', and

p~~
is between 0.1 and 0.01 of the

free electron mass. Using these values in Eq. (A2),
A'0=6 —13 meV, which is comparable to our experimen-
tal values of I'/3 -=3—7 meV. Thus, we estimate that our
PR data were obtained under conditions that correspond
to being near or just above the low-field limit. Neverthe-
less, since the energy positions of the actual transitions
are primarily determined by the "center of mass" of the
PR modulated signal, the analysis of the results is not
strongly sensitive to the precise details of the model used.
This has been shown explicitly by Aspnes and Rowe' for
the Eo direct gap of Ge. The same Eo value, within 2
meV, was obtained from fitting two experimental spectra,
one corresponding to low-field conditions (0.6 kV cm ')
and the other to high-field conditions (31 keVcm '),
even though the two spectra exhibited quite different line
shapes.
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