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The optical properties of cubic and hexagonal GaN films in the region of the fundamental gap are
studied with spectroscopic ellipsometry at temperatures between 110 and 630 K. It is verified that the
gap of hexagonal GaN is higher than that of the cubic polytype. The parameters of the gaps are deter-
mined against temperature and the temperature shifts are found to be lower than and close to those of
GaAs and GaP in the cases of cubic and hexagonal GaN, respectively. Additional theoretical calcula-
tions of the electronic structure of both polytypes using the full-potential linear-muffin-tin-orbital
method reveal a significant contribution to the E, gap from the 8 — 10 transitions. The resulting gap en-
ergies are compared with the literature and the difference between the two GaN polytypes is discussed.
The dielectric function €, (w) is directly calculated from the band structure and its features at energies
up to 9.5 eV are discussed and compared to experiment.

I. INTRODUCTION

GaN is a promising material for use in optoelectronic
applications that operate in the near-UV region since it
presents a large fundamental optical band gap at 3.4 eV.
Up to now, various devices based on GaN and its solid
solutions with AIN and InN have been developed, such
as ultraviolet sensors,! blue- and UV-light-emitting
diodes,?> and optical-pumping structures,® photodetec-
tors,* and heterostructure field-effect’ transistors. The
material was known to crystallize only in the hexagonal
(wurtzite) form, which is thermodynamically stable. But,
in the 1980s, a cubic, metastable form of the material was
discovered during deposition on suitable substrates, such
as GaAs(001), MgO(001), B-SiC(100), and Si(100). Total-
energy calculations verified the high stability of the wurt-
zite phase, which is common in column-III nitrides.®’
The fundamental gap of both polytypes is of direct nature
and hence the interest in their potential applications is
now intense. The latter is followed by an interest from a
theoretical point of view; thus, works on the electronic
structure of the cubic polytype are increasingly being re-
ported.

Since GaN is to be used in optoelectronic devices, the
detailed knowledge of its optical behavior, especially with
respect to temperature, is necessary. Some work has been
done on the wurtzite (a-) modification,®~!? whereas data
on the cubic (B-) counterpart are scarce!!~!* and confined
to the fundamental gap. Yet, considerable disagreements
exist concerning the energy position of the fundamental
gap of B-GaN, whereas its temperature dependence in the
case of both polytypes is practically unknown. Recently,
works have been published on the temperature depen-
dence of the optical gaps above 5 eV,!> and on some pre-
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liminary results on the fundamental gaps of a- and B-
GaN.!'® Moreover, a modulated-photoreflectance study
of the fundamental gap of B-GaN at temperatures up to
300 K has also been reported.!” In view of the above, it is
important to compare the optical responses of the cubic
and hexagonal GaN polytypes in the region of the funda-
mental gap and examine their temperature dependence.
Therefore, in this work we present results on the opti-
cal properties of a- and B-GaN in the energy region of
their fundamental optical band gap (1.5-6.3 eV) and as a
function of temperature over the range 110-630 K, using
the experimental technique spectroscopic ellipsometry, in
an aim to determine and compare the respective energy
locations of the gaps and their shifts with temperature.
In parallel with the experiment, we perform electronic
band-structure calculations with the full-potential linear-
muffin-tin-orbital (FPLMTO) method in conjunction with
the local-density approximation (LDA) in order to com-
pare the calculated dielectric function of both polytypes
with the experiment. The experimental details of the
work are included in Sec. II and the theoretical models
that are applied for the fitting of the experimental data
are presented in Sec. III. In Sec. IV, are the results and
discussion on the dielectric-function spectra (Sec. IV A),
the gap location and temperature dependence (Sec. IV B),
and the theoretical calculations (Sec. IV C). Finally, the
conclusions of this work are summarized in Sec. V.

II. EXPERIMENTAL DETAILS

The GaN thin films were grown with electron-
cyclotron-resonance molecular-beam epitaxy (ECR-
MBE) using Ga vapor in an ECR-activated nitrogen at-
mosphere. The cubic polytype was grown on a Si(100)
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surface, which, in contrsat to Si(111), is reported to lead
to the formation of the zinc-blende structure.!® The hex-
agonal polytype was grown on an Al,O; (sapphire) sub-
strate and exhibits wurtzite structure. The thicknesses of
the a- and B-GaN samples was determined to be 4.0 and
0.7 pm, respectively, and their morphology was verified
by several techniques, namely transmission and scanning
electron microscopy, x-ray diffraction, and reflection
high-energy electron diffraction.®

The experimental technique that was applied for the
study of the optical properties is spectroscopic ellip-
sometry, a nondestructive technique that measures
directly the complex dielectric function ¢€(w)
[=¢(@)+iey(w)] of bulk materials.!® This quantity en-
abled the investigation of the electronic structure since
g,(w) is directly related to the point density of states for
interband transitions.?’’ The method has an advantage
over other combined optical techniques, such as
reflectivity and absorption, which determine &(w) in-
directly. Ellipsometry measurements were performed in
the photon energy region 1.5-6.3 eV using a rotating-
analyzer ellipsometer and a Xe lamp as a light source.
The specimens were placed inside a specially designed
chamber that operated under ultrahigh-vacuum (UHYV)
conditions and allowed for heating of the sample under
study, as well as cooling using liquid nitrogen. The sys-
tem worked at temperatures between 110 and 620 K, and
at 110 K the pressure in the chamber was around
6X107° mbar, which is low enough to avoid the forma-
tion of an ice layer on top of the samples. The angle of
incidence of the light beam on the samples surface was
67.5° and all measurements were taken with a photon-
energy interval of 5 meV. Before being placed inside the
UHYV chamber, the specimens were cleaned with a four-
stage procedure that is reported to remove organic con-
taminants from the outer surface, namely, successive
heating at 50°C for 10 min in trichlorethylene, acetone,
and methanol, and finally rinsing in deionized water.

III. THEORETICAL MODELING
OF THE DIELECTRIC FUNCTION

A useful formalism to deduce the major parameters of
optical gaps of crystalline materials, such as their energy
location and broadening, is the model suggested in Ref.
20, which considers the experimentally measured e(w)
spectra as a sum of contributions from all direct gaps and
thus fits the derivative-spectra [de(w)/dw and
d’c(w)/dw?] line shapes appropriately. Yet, in the case
of the fundamental gap of materials in thin-film form, the
method cannot be applied, since the experimental
dielectric-function spectra are dominated at photon ener-
gies below and around the gap by interference fringes,
which result from the multiple reflection of light at the
film/substrate interface and thus convey information on
the substrate, as well. The fringes diminish rapidly in the
region of the fundamental gap but nevertheless modify
the line shape of &(w). Thus, in an aim to model the
dielectric function, we employ the parabolic band model
(PBM),?!:22 which assigns to the e(w) certain analytic line
shapes, which depend on the type and nature [i.e., E; 4,
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E,, Ey, E,, E}, or two dimensional (2D), 3D, etc.] of the
observed gap.

The fundamental gaps of group-IV and III-V materials
are usually of the type E, or E, which correspond in
most cases to 3D minima (M, type) critical points (CP’s).
According to the PBM, the contribution of such CP’s to
the dielectric function is of the form

51(50)_1:Ao[fl(xo)+%(wo/wos)3/2f1(xos)] , (D
£x(@)= Ao[ f2(x0)+ Hwg/wes ) 2f 1 (x05)] )

where w, and w,g are the energies of gap and its spin-
orbit counterpart, and x, (x(g) is defined by the relation
xg=w/0y (xgs=w/wog). The amplitude A4, is ex-
pressed as A,=(4P2/3)(2u* /wy)*’?, where P? is the
average momentum matrix element and p* is the average
reduced mass of the electron-hole pair. The inclusion of
broadening modifies the above relations in a way that
they resemble and reproduce better the experimentally
observed line shapes. Namely, if we replace w with the
expression w+iT, the factors f,(x) and f,(x) of Egs. (1)
and (2) that are given in Ref. 21 become??

Frlxy)=(x2+yH) 2
X {(x2~—72)[2~F(1+x,y)—F(1—x,7/)]
—2yx[F(—x —1,y)—F(x —1,y)]} (3)

and
I = ™

where @
F(x,y)= H_(ﬁ;_;:i/f_ l 172

and

Yo=To/wg ¥Yos=Tos/wps -

In the case of GaN, the fundamental gap is of the E,
type in both modifications and thus three parameters are
needed for its description, namely 4, E,, and I',

Since at energies around 7 eV and above the higher
gaps of the material are located,'® a constant contribution
from higher energies has also to be assumed for a correct
modeling of the fundamental gap. This contribution may
be considered to be a real constant greater than unity, €,
and in this case the experimental dielectric-function spec-
tra can be fitting using five parameters, namely, film
thickness d, 4y, E,, Iy, and €, (model 1). The contribu-
tion from the spin-orbit-split counterpart Ey+ A, is not
considered separately but included in the E, gap line
shape. This assumption does not cause any significant er-
ror in view of the facts that the amplitude of Eq+ A4, is
usually much lower than that of E; and that the experi-
mental spectra are decisively modified by interference
fringes that * hide” to some extent the spectral features
of the film.
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A more complex contribution can be also considered,
namely, by substituting the contribution from all higher
gaps with a mean gap, which has the form of a Lorentz
oscillator and is centered at the center of gravity of the
higher gaps. In the case of B-GaN there exist two neigh-
boring higher gaps, E, and E,, at energies between 6.8
and 8 eV that dominate the optical spectra.'> Analysis of
the gaps with the model proposed in Ref. 20 estimated
their energies and broadenings at 6.920 and 7.571 eV and
314 and 89 meV, respectively.!* Using these data, the en-
ergy location E; of the mean gap can be found from the
expression
4,

Ty

A4,
r,
A A

A 4
r I,

E + E,

(5)

where A;, E;, and I'; (i =1,2) are the amplitudes, ener-
gies, and broadenings of the two gaps.?®> The amplitudes
A, and A, are estimated to be 0.997 and 0.521, respec-
tively, and thus a value E; =7.342 eV is deduced. The
contribution of the mean gap to the dielectric function
g,(w) at energies below the fundamental gap E, is set to
zero using a Heaviside step function ©(y) and thus &,(w)
becomes

ALFLCU
(E} —0*)+T}e?

g(w)= O(w/wy) ,

0 fory<l1

1 fory>1. ©6)

where 0(y)=
In an aim to perform meaningful fits to the experimental
spectra, one should use the minimum possible number of
free parameters and thus E; can be assumed of fixed
value. Therefore, the dielectric function of B-GaN in the
energy region of the fundamental gap can be fitted with
six parameters, namely, thickness d, 4y, Eq, I'g, A, and
I’'; (model 2).

As will be demonstrated in the following section, the
dielectric-function spectra of a-GaN exhibit a strong
feature in the region of the gap, which could be of exci-
tonic origin. The Fano-profile line shape that describes
an exciton is of the form?

€l ®@)=C— A, /(w—E, +iT,) , %)

where A4,, E,, and I, are the amplitude, energy location,
and broadening of the exciton, and C is a complex con-
stant background. In order to minimize the free parame-
ters involved, we select in this case to fit the absorption
coefficient spectra, which are created by the dielectric-
function experimental spectra, by considering the super-
position of an E, gap [Egs. (1) and (2)] and an exciton
[Eq. (7)]. Since the distance AE, between the direct gap
exciton and the gap itself is reported to be around 28
meV,?* it can be assumed constant and around 20 meV
and thus E, is directly related to E via the expression
E =E,—AE,. The fits can extend in the energy region
above the diminishing of interference fringes and thus the
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absorption spectra of a-GaN can be fitted using six free
parameters, namely, 4,, Ey, Ty, 4, ', and Cy,, where
C,.s is a constant (model 3).

IV. RESULTS AND DISCUSSION

A. Dielectric-function spectra

The pseudodielectric-function spectrum of the B-GaN
thin film grown on Si at various temperatures in the ener-
gy region of the fundamental energy gap is presented in
Fig. 1. The low-energy part of the spectrum is dominated
by interference fringes, which result from the multiple
reflection of the incident light beam at the interface be-
tween the film and the substrate. The fringes at redshift-
ed with temperature, a fact suggesting that the energy
gap is lower at high temperatures, as observed in all
group-IV elements and III-V compounds. The amplitude
of the interference fringes around the gap is reduced at
high temperatures, a fact indicating that the broadening
of the fundamental gap increases with temperature.

The spectra of the real [g,(w)] and the imaginary &,(w)
parts of the pseudodielectric function of the a-GaN thin
film grown on sapphire in the energy region of the funda-
mental energy gap are shown in Figs. 2(a) and 2(b), re-
spectively, at various temperatures. Similarly with S-
GaN, the multiple reflection of light at the film/substrate
interface induces interference fringes at the lower-energy
part of the spectrum. The fringes are narrow compared
to B-GaN (Fig. 1), because the thickness of the a-GaN
film is much higher (=4.0 um) than that of the B-GaN
film (=~0.7 um). From the spectra, it can be seen that in-
creasing temperature causes a redshift of the fundamental
gap energy and an increase of its broadening.

The amplitude and line shape of the interference
fringes observed in Figs. 2(a) and 2(b) suggest that there is
a further contribution to &(w), apart from that estimated
theoretically by considering a layered configuration
(air/film/substrate).!® This can be verified, e.g., by the
high average value of &,(w) in the energy region below
3.3 eV, where the GaN film is transparent. This observa-
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FIG. 1. The real (g,) and imaginary (¢,) parts of the pseudo-
dielectric function of a cubic GaN (B-GaN) thin film grown on
silicon in the energy region of the fundamental energy gap at
various temperatures.
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tion can be attributed to the finite thickness of the sap-
phire substrate, which causes a part of the incident light
beam to be reflected at the back surface of the substrate
and emerge from the front surface having become in-
coherent and thus providing a constant light background.
Furthermore, the systematic amplitude decrease of the
interference fringes can be ascribed to nonuniformities in
the layered structure in the region of the GaN/sapphire
interface, which cause partial depolarization of the
reflected light.?’

B. Gap location and temperature dependence

In the case of B-GaN, the film/substrate system can be
modeled using the relations for reflection from layered
structures'® and thus the dielectric-function spectra (see
Fig. 1) can be fitted assuming an E, line shape for the
fundamental gap and a constant contribution €, from
higher energies (model 1, see Sec. III). A typical fit to the
real and imaginary parts of the pseudodielectric function
is shown with the solid lines in Figs. 3(a) and 3(b), respec-
tively, with the experimental spectrum designated with
the solid-dotted lines. The energy region of the fit is that
shown in Fig. 3, and is selected so as to include contribu-
tions from the transparent as well as absorbing energy re-
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FIG. 2. The real (a) and imaginary (b) parts of the pseudo-
dielectric function of a hexagonal GaN (a-GaN) thin film
grown on sapphire in the energy region of the fundamental en-
ergy gap at various temperatures.
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gions of the GaN material. The gap energy at room-
temperature (RT) (300 K) is estimated to 3.188 (19) eV,
with respective broadening 35 (4) meV. The numbers in
parentheses indicate the 95% confidence limits.

The energy location of the E, gap of B-GaN, which is
determined by the above fitting of the pseudodielectric
function is plotted against temperature in Fig. 4 with
solid circles. The gap is lowered with temperature and its
temperature shift A (=—dE,/dT) between 250 and 600
K is found to be 3.67 (1) X10™* eV/K. The above are
fitted with an average Bose-Einstein statistical factor?®
(solid line, Fig. 4), which assumes that the crystal pho-
nons have a mean energy (), which leads to a mean fre-
quency O=Q/ky

2

E(D=Ep—ap |1+~

1+ , (8

as well as with the empirical Varshni approximation®’

(dashed line, Fig. 4)

aT?
T+B

As described in Sec. III, the pseudodielectric-function

E(T)=E,—
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FIG. 3. Typical fits (solid and dashed lines) to the real (a) and
imaginary (b) parts of the pseudodielectric function (solid-
dotted line) of cubic GaN in the energy region of the fundamen-
tal gap using models 1 and 2 (see Sec. III), respectively, at 300
K.
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FIG. 4. Temperature dependence of the energy position of
the E, gap of the cubic GaN (open and solid circles). The ener-
gy values shown refer to analysis using models 1 and 2, respec-
tively (see Sec. III). The solid and dashed lines represent fits to
the data with Eqgs. (8) and (9), respectively.

spectra of B-GaN are also fitted assuming an E; CP su-
perimposed on a complex contribution from higher ener-
gies that is approximated by that of a Lorentz oscillator
(model 2). A typical fit corresponding to 7' =300 K is
shown in Fig. 3 with the dashed lines. The values of the
energy location of the E, CP are plotted against tempera-
ture in Fig. 4 with the open circles. The gap is located at
RT at 3.160 (80) eV and its broadening is 38 (15) meV.
The estimated 95% confidence limits, which are shown in
parentheses, are significantly larger than the correspond-
ing ones deduced by model 1, because model 2 involves
one more free parameter than model 1. A further reason
is that the background contribution of model 1 affects
only the real part of the dielectric function, whereas the
contribution considered in model 2 influences both €,(w)
and g,(w). The values of the energy location of the fun-
damental gap, which are estimated by model 2, are sys-
tematically higher by =40 meV than those deduced by
model 1, a discrepancy that is attributed to the models
themselves. The energy location of the fundamental gap
(around 3.17 eV at RT, considering the joint results of
models 1 and 2) compares well to the data reported by
Powell et al.'? [3.21 (2) eV] and Ramirez-Flores et al.'’
(3.235 eV), who used optical absorption and modulated
photoreflectance measurements, respectively.

The temperature shift A of the E, gap of B-GaN be-
tween 250 and 600 K is estimated in the case of model 2
at 3.7 (4) X 10~ * eV/K and thus is almost identical to that
found using model 1. The fits to the experimental points
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produced by model 2 and using Egs. (8) and (9) are shown
in Fig. 4 with solid and dashed lines, respectively. The
values of the best-fit parameters, which are determined by
Egs. (8) and (9) using models 1 and 2, are listed in Table I.
The numbers in parentheses indicate the 95% confidence
limits. As can be seen in Table I, the values of the Debye
temperatures O, which are determined from the fits, are
similar [around 600 (150) and 800 (180) K for models 1
and 2, respectively], but are in good agreement with the
literature, since the Debye temperature of a-GaN is es-
timated to be 600 K,?® whereas the parameter © was
evaluated to =500 K in the cases of the two higher gaps
E, and E, of the material.!> The values of the parameter
a differ by 15% between models 1 and 2 [5.16 (24) and
6.06 (38)X10™* eV/K, respectively], and compare satis-
factorily with the corresponding value deduced in Ref. 17
(6.697X10™* eV/K). A reason for the observed
discrepancy is the different temperature region of the cor-
responding fits (10-300 K in Ref. 17 and 110-600 K in
our case). On the other hand, a direct comparison be-
tween the fits presented in Ref. 17 and this work can be
accomplished if one considers the temperature coefficient
—dE,/dT in the region from 100 to 300 K. Thus, its
corresponding values are found to be around 2.5 and 2.1
(4yX107* eV/K, from the results of Ref. 17 and this
work, respectively, which compare well. The tempera-
ture shift —dE/dT of the E, gap is shown in Table II in
the case of the zinc-blende Ga-V compounds.?”3C The
two regions have to be distinct, namely, between 100 and
300 K and between 300 and 500 K, because the corre-
sponding slopes are different. It is observable that B-
GaN exhibits lower-temperature coefficients than GaAs
and GaP in both temperature regions. The hexagonal po-
lytype although exhibits higher-temperature coefficients
than its cubic counterpart with values similar to those of
GaAs and GaP.

The broadening parameter of the fundamental gap of
B-GaN was found to increase with temperature. For ex-
ample, in Fig. 5 we present with open circles the temper-
ature dependence of the broadening parameter, which
was determined in the region 100-600 K using model 2.
The data are fitted according to the Bose-Einstein mod-
el,”> which for the case of phonon-induced lifetime
broadenings takes the form

2

(T)=T+T —_—
1 0 ee/T_l

1+ . (10)

The first term in this expression represents the broaden-
ing invoked from temperature-independent mechanisms,
such as impurity and surface scattering, electron-electron

TABLE 1. Values of the parameters obtained by fitting the temperature dependence of the energies
of the E, gap of cubic (B-) and hexagonal (a-) GaN with Eqgs. (8) and (9). The numbers in parentheses

indicate the 95% confidence limits.

Model Eg (eV) ag (eV) O (K) E; (V) a (107* eV/K) B (K)
B-GaN 1 3.351 39) 0.126 (43) 607 (132) 3.237 (3) 5.16 (24) 600 (fixed)
2 3.394 (85) 0.210 (88) 818 (185) 3.200 (45) 6.06 (38) 800 (fixed)
a-GaN 3 3.725 (305)  0.236 (332) 692 (61) 3.510 (3) 8.58 (17) 700 (fixed)
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TABLE II. Temperature coefficients (—dE,/dT) of the
critical-point energies of the E, gap of the zinc-blende Ga-V
compounds in the temperature regions 100—~300 K and 300-500
K (in 107* eV/K). The corresponding data for a-GaN are also
noted. The numbers in parentheses designate the 95%
confidence limits.

GaAs GaP B-GaN a-GaN
100-300 K 3.9 (9) 50 (2° 21 @4 25 3.0 Q)¢
300-500 K 5.0 (1.2)* 6.5 (6)° 3.4 (¢ 5.6 (2)¢
2See Ref. 29.

bSee Ref. 29, 400-500 K.

°See Ref. 30 and references therein.
dSee this work.

°See Ref. 17.

interaction, and Auger processes, whereas the second
term is caused by the electron-phonon interaction. The
fit to the data with Eq. (10) was accomplished considering
the temperature parameter © to have a fixed value of 800
K for compatibility with the energy-location results
presented above. The fit is presented in Fig. 5 with the
solid line. A projection of the fit line to T=0 K yields
the zero-point broadening, which is estimated to 34.5
meV. The temperature coefficient dT"y/dT in the region
between 300 and 600 K, where the dependence becomes
linear, is estimated to 0.13 meV/K. This value is around
that of the E, gap'® (0.12 meV/K) but much lower com-
pared to that of the E, gap' (0.34 meV/K). This
difference may be due to the possibly complex nature of
the E,; gap of B-GaN, in contrast with other Ga-V com-
pounds, as discussed in Ref. 15.

As already discussed, in the case of a-GaN we selected
to fit the pseudoabsorption coefficient a(w) spectra,
which exhibits the features present in the pseudodielec-
tric function and is calculated by the measured €,(w) and
€,(w) spectra [Figs. 2(a) and 2(b)]. The large film thick-
ness (around 4.0 pum) does not allow the interference
fringes to distort the line shape around the gap

T T T T
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E, gap broadening
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0.020

0 100 200 300 400 500 600
Temperature (K)

FIG. 5. Temperature dependence of the broadening parame-
ter of the E, gap of cubic GaN (solid circles). The broadening
values shown refer to analysis using model 2 (see Sec. III). The
solid line represents the fit to the data with Eq. (10).
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significantly, as in the case of the 8-GaN film. A typical
spectrum of a(w) that corresponds to temperature
T =230 K is presented in Fig. 6 (solid-dotted line). The
rapid rise of a(w) at energies immediately after the di-
minishing of the interference fringes forms a distinct peak
and exhibits the line shape of an excitonic structure, oth-
erwise known as a Fano profile. Therefore, we selected to
fit the pseudoabsorption coefficient spectra of a-GaN as-
suming the joint contribution of an E, gap and an exci-
ton situated 20 meV below the E, gap (model 3, see Sec.
III). The corresponding fit to the experimental data is
shown in Fig. 6 with the solid line. The fit represents well
the rise of absorption and the subsequent exciton line
shape. If the distance between the E, gap and the exci-
ton is set anywhere in the range 15-25 meV, fits of simi-
lar quality are achieved.

The values of the energy location of the exciton gap of
a-GaN, which are determined using model 3 are shown
against temperature in Fig. 7 with the solid circles. The
E, gap is located at RT at 3.437 (12) eV, thus, the corre-
sponding exciton is situated 20 meV lower, at 3.417 eV.
In the energy region that is being fitted, the a(w) spectra
are dominated by the exciton; thus, a parameter with
physical significance is the exciton broadening I',, which
is estimated to 50 (18) meV at RT. The temperature
dependence of the exciton energy of @-GaN is shown in
Fig. 7, with solid circles. The solid and dashed lines
designate fits to the data with Egs. (8) and (9). The corre-
sponding temperature dependence of the E, gap is the
same, since the distance between the E, gap and the exci-
ton is fixed to 20 meV. The values of the best-fit parame-
ters are listed in Table I. The Debye temperature © was
estimated to 690 K, which is near the value given in the
literature (600 K,?* and between the values estimated for
B-GaN in the cases of models 1 and 2 (600 and 800 K, re-
spectively). a-GaN exhibits a stronger temperature
dependence than its zinc-blende counterpart: This
difference is verified by the value of the parameter a
(8.58X 10~ % eV/K for a-GaN) as well as the temperature
shift A between 300 and 600 K, which is calculated to be

33fF T T T T T T ]
a—GaN
31} .
1
g
O
w R9Ff
> 1
[«
27T T=230K
Experiment
—— Fit, model 3
25 ) ) . ) ) ) ) e
3.2 3.3 3.4 3.5 3.6

Photon Energy (eV)

FIG. 6. Typical fit (solid line) of the pseudoabsorption
coefficient spectrum (solid-dotted line) of hexagonal GaN in the
energy region of the fundamental gap using model 3 (see Sec.
III) at 230 K.
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the exciton associated with the E, gap of hexagonal GaN (solid
circles). The energy values shown refer to analysis using model
3 (see Sec. III). The solid and dashed lines designate fits to the
data with Egs. (8) and (9), respectively.

5.64X107* eV/K and is much larger than the corre-
sponding value for B-GaN (3.57 X 10~ * eV/K).

The dependence of the broadening parameter I', of the
exciton below the E, gap of a-GaN against temperature
is shown in Fig. 8 with solid circles. The solid line is the
fit to the data with Eq. (10) assuming that the Debye tem-
perature O is fixed to 700 K, for compatibility with the
corresponding results for the E, gap energy. The zero-
point broadening I',(0) is 39.5 meV. The temperature
coefficient dT", /dT in the region between 300 and 600 K,
where its dependence becomes linear, is estimated to 0.17
meV/K, this value is around that for the E, gap
(dT4/dT=0.13 meV/K) of B-GaN.

Finally, in Table III we present the values for the fun-
damental energy gap of 8- and a-GaN at RT, which are
estimated in this and other works. It is clearly seen that
the cubic phase exhibits a gap lower in energy than the
wurtzite one. This difference occurs systematically be-
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FIG. 8. Temperature dependence of the broadening parame-
ter of the exciton associated with the E, gap of hexagonal GaN
(solid circles). The broadening values shown refer to analysis
using model 3 (see Sec. III). The solid line designates the fit to
the data with Eq. (10).
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tween the zinc-blende (ZB) and wurtzite (WU) polytypes
of materials and is explained theoretically. In detail, the
I'y, and T';, band edges in the wurtzite structure repel
only weakly because their parent zinc-blende states (I";s,
and I'., respectively) have different orbital characters
(namely p-d and s). Yet, this upward repulsion of I'y, is
partially canceled by a crystal-field splitting of the
valence band. The resulting net effect is an increase of
the bands separation at I' in the WU structure, with
respect to the ZB one.3!

C. Theoretical predictions and comparison with experiment

The electronic band-structure calculations on - and
a-GaN are based on the LDA with an all-electron
scalar-relativistic FPLMTO basis set, as described in Ref.
32. The electronic band structure of S-GaN along the
major symmetry lines of the Brillouin zone is presented in
Fig. 9. The arrow in the figure indicates the fundamental
gap of the material. The absolute value of the fundamen-
tal gap is underestimated compared to the experimental
data. This is typical of the use of the LDA. The addition
of a suitable external potential can empirically tune the
conduction-band states and bring the gap value close to
experiment.

The calculated energy values of the first direct gaps of
the ZB structure at the major symmetry points of the
Brillouin zone along with the fundamental gap of the
wurtzite structure are listed in Table IV. The results are
compared with corresponding LDA-based calculations
on both polytypes that are found in the literature (Table
IV). In detail, we present the data reported by Christen-
sen and Gorczyca®® and Rubio et al.>* which are pro-
duced with LDA-based calculations. There is good
agreement between the results, especially concerning the
higher direct gaps of B-GaN, where the differences are of
the order of 0.2 eV. The adjustment of the conduction
bands so as to coincide with the experiment at the T’
point is expected to shift the energy values of all gaps but
not to affect the location of the higher gaps so
significantly as observed in the case of SiC.** All calcula-
tions estimate the fundamental gap of a-GaN to be
higher than that of B-GaN, in agreement with the
theoretical predictions. It should be also mentioned that
the calculations of Bloom et al.’® estimate the gap of a-
GaN higher (100 meV) than that of B-GaN. The direct-
ness of the I'} ,-T";, gap is preserved even in the ZB form
of GaN, since the high atomic number of Ga creates a
strong potential at the nucleus, which affects the T,
state.’® The latter is quite sensitive to the depth of the
potential near the nucleus and, therefore, is located lower
in energy with respect to conduction-band states at other
k points. The fact that L, is well above I';, in 8-GaN
ensures that the fundamental gaF of the wurtzite poly-
type will be also of direct nature.?

The self-consistent energy eigenvalues (Fig. 9) and
wave functions are directly used to evaluate the imagi-
nary part &,(w) of the dielectric function. In Figs. 10(a)
and 10(b), we present the calculated ¢,(w) spectra of B-
and a-GaN, respectively, (solid lines) for E Lc at energies
up to 9.5 eV. The corresponding experimental spectra
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TABLE III. Comparison between the values of the fundamental gaps (in eV) of B- and a-GaN at
room temperature reported in the literature. The experimental techniques used are also noted. The
numbers in parentheses indicate the 95% confidence limits.

Ref. B-GaN a-GaN Technique
This work 3.17 (2) 3.44 (1) ellipsometry
Ramirez-Flores et al. 17 3.23 modulated photoreflectance
Okumura, Yoshida, and Okanisa 11 3.37 3.54 reflection
Powell 12 3.21 345 cathodoluminescence
Sitar 13 3.28 3.44 photoluminescence
Strite 14 3.45 cathodoluminescence

(this work and Ref. 15) are shown with the dashed lines.
The respective energy locations of the fundamental gap
differ between theory (1.8 and 2.15 for 8- and a-GaN, re-
spectively) and experiment (3.17 and 3.44 eV) due to the
application of the LDA, as mentioned above. The spec-
tra compare well to those calculated by LDA-LMTO in
the atomic sphere approximation (Ref. 33).

In the case of B-GaN, the calculated fundamental gap
is found to lie at 1.8 eV. The band-to-band contributions
to the &,(w) in the region of the fundamental gap are
shown in the inset of Fig. 10(a). It is clearly seen that not
only the 9— 10, but also the 8 — 10 interband transitions
contribute to the gap. This is in contrast to what is re-
ported in the case of GaAs,>”3® where the strength of the
3—5 transitions is considerably weaker than that of the
4—5 ones in the region of the gap and similar with the
case of diamond,® where the 3— 6 transitions are found
to contribute significantly to the E; gap. Above the fun-
damental gap, the calculated €,(w) of B-GaN exhibits
three distinct features at energies up to 8 eV. The first
appears as a distinct peak at 5.6 eV, whereas the other
two (situated at 6.3 and 7.2 eV, respectively) form a single
broad structure. An LDA correction of the calculations
is not expected to shift uniformly the observed gaps to-
wards higher energies and thus may move the calculated
5.6- and 6.3-eV gaps towards the experimental 7.0-eV
peak, as well as shift the third calculated gap at 7.2 eV
only slightly, so as to coincide with the 7.5-eV experimen-
tal feature. In this way, theory would match the experi-
ment in terms of peaks number and location.

The experimental spectrum'’ [dashed line, Fig. 10(a)] is
dominated above the fundamental gap by a broad struc-

B-GaN

it
\ m\u
\/

-101

X KU r

FIG. 9. Electronic band-structure calculation of zinc-blende
GaN with the LDA-based full-potential LMTO method. The
arrow designates the location of the fundamental gap.

ture that consists of two peaks centered at 7.0 and 7.6 eV.
These peaks are thought to correspond to the E; and E,
structures of the material and are designated E,- and
E, in Fig. 10(a). The experiment cannot distinguish be-
tween the 5.6- and 6.3-eV peaks and observes them as a
single broad structure. This may explain why the es-
timated broadening parameter of the 7.0-eV peak is
found to be surprisingly large, compared to that at 7.6
eV.!"% In most ITI-V compounds, the E, structure is attri-
buted mainly to interband electronic transitions around
the L point and along the (111) (A-) direction of the
Brillouin zone. In view of the above, a calculation of the
individual contributions to the E . structure would pro-
vide valuable insight on whether other regions of k space
contribute to E,- as well and thus increase its broaden-
ing. Finally, the 7.2-eV structure of the calculated &,(w)
corresponds to the E,- peak refers to the E, gap of the
material, which is occurring around the X point.

The calculated €,(w) spectrum of a-GaN ([solid line in
Fig. 10(b)] is also rich in features at energies above the
fundamental gap. One can distinguish two neighboring
peaks, situated at 5.8 and 6.5 eV, which corresponds to
the experimentally observed peak at 6.8 eV [dashed line,
Fig. 10(b)] that is designated E,;y. The 5.8- and 6.5-eV
peaks are assigned mainly to transitions at the M point
and the M-L line.!>3? Higher than 7.3 eV, the calculated
£,(w) spectrum exhibits a doublet (7.6 and 8.1 eV, respec-
tively), which corresponds to the experimental peak at
7.8 eV. This doublet is attributed to the M and H
points,!> whereas a contribution from the = direction is
also suggested in the literature.?

TABLE IV. Comparison between the calculated critical-
point energies (in eV) of the first direct gaps of zinc-blende (-)
GaN at the major symmetry points of the Brillouin zone and
other LDA-based calculations found in the literature. The cor-
responding results for the fundamental gap of wurtzite (a-)
GaN are also listed.

This work Ref. 33 Ref. 34
B-GaN r,-r. 1.8 2.18 2.1
L,-L, 5.8 5.9 6.0
X,-X, 6.3 6.1 6.0
K,-K, 7.5 7.3 7.3
a-GaN r,-r. 2.15 2.45 2.3
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FIG. 10. Calculated dielectric-function €,(w) spectra (solid
lines) of B- (a) and a- (b) GaN. The dashed lines designate the
corresponding experimental €,(w) spectra. The arrows in (a) in-
dicate the location of structure in the spectra. Inset of (a): The
band-to-band contributions to the dielectric function ¢,(w)
around the fundamental gap of B-GaN.

V. SUMMARY

We measured thin films of zinc-blende and wurtzite
GaN in the energy region of the fundamental energy gap
at various temperatures between 110 and 630 K. We
developed appropriate models to fit the dielectric-
function spectra and deduced the locations and broaden-
ings of the gaps against temperature. The gaps can be
well represented with E-type line shapes and, in the case
of a-GaN, an excitonic contribution is evident in the
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spectra. At 300 K, the gaps are located at 3.17 and 3.44
eV for B- and a-GaN, respectively, values which compare
well with the literature. The observed difference in the
location of the gaps and their directness are discussed in
terms of their conduction-band characteristics. The tem-
perature shifts of the gaps are determined and it is
discovered that the gap of a-GaN exhibits a significantly
stronger dependence than B-GaN. The temperature
dependence of B-GaN is found to be generally small com-
pared to other Ga-V compounds.

Furthermore, electronic-structure calculations with
LDA-FPLMTO estimate the gaps of 3- and a-GaN at 1.8
and 2.15 eV, respectively, and compare well with other
LDA-based calculations. A band-to-band contribution
analysis yields that, apart from the 9— 10 interband tran-
sitions, the 8 — 10 ones contribute decisively to the funda-
mental gap of B-GaN, similarly to what is observed for
diamond. The calculated &,(w) spectra in the energy re-
gion up to 10 eV are richer in features than the experi-
mental ones. The respective features are compared and
assigned to critical points in the Brillouin zone. The
proximity of two neighboring peaks in the calculated
spectra of B-GaN that are attributed to the E, structure
provides evidence on the large broadening of this struc-
ture, a fact that was verified by experiment.
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