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The optical properties of cubic and hexagonal GaN thin films, grown by electron-cyclotron resonance
microwave plasma-assisted molecular-beam epitaxy on silicon and sapphire substrates, respectively, have
been studied at photon energies up to 25 eV with conventional and synchrotron-radiation spectroscopic
ellipsometry. The fundamental gaps of the two polytypes are located at different energies, namely at 3.25
and 3.43 eV for cubic and hexagonal GaN. Analysis of the dielectric function of the two phases in the
region 4.5-9.5 eV with appropriate models yields the energy location and broadening of the observed
critical points. These critical points are assigned to specific points in the zinc-blende and wurtzite Bril-
louin zones, respectively, making use of the latest published band-structure studies and a comparison is
made between the corresponding results for GaN, GaAs, and GaP. Measurements in the temperature
range from 80 to 650 K provide the temperature dependence of these parameters. The features observed
in the reflectivity spectra of hexagonal GaN are discussed in relation to other works. Kramers-Kronig
analysis of the reflectivity between 0 and 33 eV of the hexagonal polytype verifies the existence of a
broad feature centered at 14 eV. Finally, average properties, such as the effective ir dielectric constant
and the effective number of valence electrons per atom are calculated for the two polytypes and com-
pared to GaAs and GaP.

I. Ih+RODUc:ilON

The development in the past decade of light-emitting
diodes and semiconductor lasers operating in the red to
green spectral region and the aim to realize full-color
display systems has prompted the search for devices
operating in the blue/ultraviolet (UV) energy range.
GaN is a promising candidate for the fabrication of such
devices, since it possesses a direct gap in the near UV
(around 3.4 eV), is resistant to radiation damage, and can
form solid solutions with InN and A1N, which permits
the tailoring of its optical and electrical behavior. ' The
latest applications of GaN in optical and microelec-
tronics structures involve device-quality contacts; UV
photoconductors; p-n junctions and diodes;
InGaN/GaN and A1GaN/GaN double-heterostructure
UV/blue LED's; ' multilayers and superlattices;
metal-insulator-semiconductor ' and SIS (Ref. 11}struc-
tures; and high-electron-mobility' and meta1-
semiconductor-Seld-effect' transistors. These devices are
all based on the widely studied hexagonal GaN polytype,
but recently rapid advances have been achieved in depos-
iting high-quality GaN in the cubic form. '
Magnetic-resonance phenomena are also attracting con-
siderable attention on both GaN polytypes. ' '

GaN forms bonds considerably shorter (=20%%uo) than
most semiconductors, has large ionicity, and exhibits
high hardness and thermal conductivity. Such physical

and structural properties of GaN can be considered ex-
treme in comparison with the majority of III-V and II-VI
materials and, therefore, the material offers a very in-
teresting test case for the various theoretical prediction
schemes of the properties and behavior of III-V com-
pounds. Until the mid 1980's, hexagonal (wurtzitelike}
GaN (a-GaN) was the only known polytype and a num-
ber of pioneering theoretical works focused on its elec-
tronic properties. In the past decade, the discovery
of various potential applications revived the interest in
the material. On the other hand, the deposition of
the highly promising cubic phase was accomplished only
in recent years, and thus, theoretical works on its elec-
tronic band structure are just beginning to appear.

The deposition of a-GaN has been successful on vari-
ous substrates, such as Si (111),33 sapphire at various
orientations [mainly (0001)], but also (0112),3~ (1120),3s

and {1102},~s GaAs(111}, as well as on 6H-
SiC(0001}, s with which the lattice and thermal expan-
sion mismatch is very low. An A1N {Refs. 12, 39—41) or
GaN (Refs. 7, 33, 41}buffer layer is reported to improve
the surface morphology and electrical properties of the
material. a-GaN is prepared mainly by meta1-organic
vapor-phase epitaxy and metal-orIIanic chemical-vapor
deposition, as well as gas-source (GS) and electron-
cyclotron resonance (ECR) molecular-beam epitaxy
(M BE}. Less common growth techniques include
atomic-layer epitaxy at low temperatures, hydride
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vapor-phase epitaxy and high gas-pressure growth.
Cubic (zinc-blende) GaN (P-GaN) is though to accept

n- and p-type dopants more e5ciently than its wurtzite
counterpart, but was not until recently successfully pro-
duced, due to the lack of suitable substrates. The materi-
al can now be epitaxially grown on GaAs(001) (Ref. 35)
and (100),' Si(100) (Refs. 15 and 33) and (001),' and
P-SiC(100) (Ref. 17) with which the lattice mismatch is
lower than 4%.

The potential applications of the material in optoelec-
tronics render imperative the detailed knowledge of its
optical response. The electronic and optical properties of
GaN above the fundamental absorption edge have not yet
been widely investigated and the re6ectivity peaks ob-
served in the literature are not undisputedly assigned to
specific points of the corresponding Brillouin zone. Little
work has been done on the wurtzite polytype, '

whereas on its zinc-blende counterpart, which was suc-
cessfully grown only recently, no experimental data have
been reported up to now concerning the higher interband
transitions and their origin. In an aim to fulfill the above
gap, we present a study of the optical properties of the
cubic and hexagonal polytypes of GaN in the vacuum-
ultraviolet region by means of spectroscopic ellipsometry
performed with synchrotron radiation and compare the
experimental results with theoretical predictions, in order
to assign the observed spectral features to electronic tran-
sitions at specific points of the Brillouin zone (BZ).

We present experimental details of this work in Sec. II.
A brief description of the theoretical model used in the
analysis is given in Sec. III and results are given in Sec.
IV. The discussion, Sec. V, focused on the nature of the
observed gaps (Sec. VA), their temperature dependence
(Sec. V B), the refiectivity features of a-GaN in the ener-

gy region 4.5 —9.5 eV (Sec. VC), and the origin of the
feature around 14 eV reported in the literature for n-
GaN (Sec. V D), whereas average properties via the appli-
cation of sum rules are estimated for GaN in Sec. VE.
The conclusions of this work are summarized in Sec. VI.

II. EXPERIMENT

The GaN films have been grown with the electron-
cyclotron resonance microwave-plasma-assisted MBE
(ECR-MBE}. In this method, the film growth proceeds
by the reaction of Ga vapor with ECR-activated molecu-
lar nitrogen and takes place mainly at low temperatures
and ultrahigh vacuum conditions (base pressure 10
Torr). Growth on Si(100) and (001) leads to the forma-
tion of single-crystalline cubic GaN films having the
zinc-blende structure, whereas growth on Si(111}results
in the wurtzite (hexagonal) structure, reported to have a
large concentration of (111) stacking faults and, there-
fore, a significant cubic component. On the other hand,
growth on sapphire substrates leads to the formation of
wurtzite single-crystalline GaN structures. The struc-
ture and morphology of the P- and a-GaN samples was
examined by re6ection high-energy electron difFraction,
x-ray difFraction, and transmission- and scanning-
electron-microscopy techniques ' and their thickness
was 0.7 and 4.0 pm, respectively.

The optical properties of GaN are studied with spec-
troscopic ellipsometry, a nondestructive technique that
measures directly the complex dielectric function c(co)
[=e,(co)+ie2(co)] of materials. ' This function yields a
complete picture of the linear optical response and pro-
vides valuable information on the electronic structure.
since its imaginary part ez(co) is directly associated to the
joint density of states for interband transitions. The
GaN thin films were measured in the energy region
1.5 —6.3 eV at the rotating analyzer ellipsometer of the
University of Thessaloniki using a Xe lamp as the light
source and in the energy regions 4.5 —9.5 eV and 14—25
eV using synchrotron radiation from the storage ring
(BESSY), Berlin, as the light source. ' The angle of in-

cidence of the light beam was 67.5' in all measurements

up to 10 eV and 45' in the 14-25-eV region. In the inter-
mediate energy region (9.5 —14 eV), the nominally mono-
chromatic radiation is plagued by contamination with
second-order radiation, which distorts the line shape and
modifies the absolute values of the measured spectra. In
order to investigate the dependence of the optical proper-
ties on temperature, measurements were performed in the
temperature range 80—650 K. The o.- and P-GaN speci-
mens were cleaned before placing them in the UHV
chamber by a four-stage procedure, which is reported to
remove organic contaminants from the samples surface,
namely successive heating at 50'C for 10 min in tricho-
1oroethylene, acetone, and methanol and finally rinsing in
deionized water.

III. MODELING
OF THE DIELECTRIC-FUNCTION SPECTRA

The observed features in the optical spectra of crystal-
line materials correspond to interband electronic transi-
tions occurring at specific points in the Brillouin zone of
the crystal, the so-called critical points (CP's), where the
transition probability becomes maximum. The
knowledge of CP's is essential for a thorough understand-
ing of the dielectric response and a consistent prediction
of its optical and electrical properties. In an aim to ana-
lyze the measured e(co) spectra, we employ the model
suggested in Ref. 52, which considers ez(co) as a sum of
contributions from all direct gaps (i.e., from all CP's} and
describes the dielectric function for the case of one CP
with the following relation:

s(co) =C —Ae'~(co E+i I —)" .

The parameters E and I designate the energy location
and broadening of the CP, respectively, whereas A is a
measure of the transition strength. The phase factor y
and the exponent n are related to the shape of the valence
and conduction bands and the electron efFective mass in
the neighborhood of the CP. We analyze the first- and
second-derivative spectra of the dielectric function ac-
cordmg to Eq. (1), in order to enhance the spectral
features and analyze them by fitting them to the corre-
sponding derivatives of Eq. (1).
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IV. RESULTS

Since hexagonal materials are optically anisotropic, the
wurtzite GaN samples were first of all measured at vari-
ous orientations, i.e., by rotating the specimens around
the axis perpendicular to their surface. The obtained
dielectric-function spectra showed no noticeable
differences, a fact that implies that the optical axis (i.e.,
the hexagonal c axis) of the films is perpendicular to the
substrate plane. Therefore, the films exhibit no surface
anisotropy, in agreement with x-ray measurements, and
the measured dielectric response corresponds to Elc, E
being the electric field of the incident light beam. A com-
plete description of the effect of optical anisotropy on the
dielectric function is reported for wurtzite CdSe in Ref.
56.

In Fig. 1 we present the dielectric-function spectra of
cubic (P-) and hexagonal (a-) GaN thin films grown on
silicon and sapphire substrates, respectively, in the ener-

gy region 3-10 eV and at room temperature (RT}. The
arrows designate the location of structures in the experi-
mental spectra. At energies below 3 eV, the GaN films
are transparent and, thus, the spectra are dominated by
interference fringes originating from the multiple
reflection of the incident light beam at the film/substrate
interface. From this figure it is obvious that the optical
response of the two polytypes is rather different. Such
behavior is not unusual and has also been reported for the
case of cubic and hexagonal CdS. One can note the con-
siderable differences in the energy position and number of
occurring peaks, as well as the absolute values of s(co).
The first structures above the fundamental gap almost
coincide in energy for the two GaN polytypes, with E&~
being somewhat lower in energy than EK, in a manner
identical to what is observed in CdS.

As seen from Fig. 1, the fundamental absorption of the
cubic and hexagonal polytypes is located at difFerent en-
ergies. A detailed analysis for the extraction of the opti-
cal gap taking into account interference effects is present-

'

GaN

ed in Ref. 50 and yielded the values 3.25 and 3.43 eV, re-
spectively. In Figs. 2 and 3, we present the dielectric-
function spectra of cubic and hexagonal GaN at various
temperatures in the energy region above the fundamental

gap, i.e., 5-9.5 eV. As expected, the spectral features be-
come sharper with decreasing temperature and shift by
=0.2 eV between 83 and 570 K, whereas the absolute
values of the dielectric function increase.

For the case of P-GaN, the s(co) spectrum is dominated
by one major structure that consists of two adjacent
peaks, at around 7.0 and 7.6 eV, denoted E&c and E2c in

Fig. 1. The main peak was analyzed by fitting the first-
derivative (ds/de) spectra to the derivative of Eq. (1).
Since the material exhibits broad structures, their
second-derivative spectra were somewhat noisy and
difBcult to fit. The best fits succeeded assuming -two-

dimensional (2D) CP's and revealed the existence of two
nearly energy-degenerate CP's located at 6.95 (4) and 7.58
(1) eV (at RT), with respective broadenings 274 (60) and
90 (10) meV. Furthermore, a weak shallow shoulder,
which is often diScult to detect, appears in the
dielectric-function spectra at energies around 8.8 eV.

Figure 3 shows that the a(co) spectrum of wurtzite
GaN is rich in features in the UV region. Three struc-
tures appear in s2(tu) at 7.0, 7.9, and 9.0 eV; they are
denoted E,~, Ez~, and E3~, respectively, (refer also to
Fig. 1). The assumption of 2D line shapes gave the best
fits and thus the analysis of the first- and second-
derivative (d~a/des ) dielectric-function spectra yielded
the same results and revealed the existence of at least two
structures in the energy region 6-8.5 eV, located at 6.98
(6) and 7.93 (18) eV (RT), with respective broadenings
204 (50) and 259 (70) meV (second-derivative results).
The third structure (E3&) was diflicult to analyze at high
temperatures and was estimated to lie at 8.71 (11)eV.

We have indications of an additional weak structure
situated between E&H and E20, higher than E&H by
around 200 meV, which was diScult to detect even in the
derivative experimental spectra and could be only ana-
lyzed at temperatures below 150 K. A typical spectrum
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FIG. 1. The real (e,&) and imaginary (c&) part of the dielectric
function of cubic and hexagonal GaN (solid and dashed lines,
respectively) in the energy region 3—10 eV. The arrows indicate
the location of interband transitions, as assigned to the observed
structures.
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FIG. 2. The real (e,&) and imaginary (cz) part of the dielectric
function of cubic CmN (P-GaN} in the energy region 5-10 eV at
various temperatures.
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FIG. 3. The real (c&) and imaginary (cz) part of the dielectric
function of hexagonal GaN (a-GaN) in the energy region 5-10
eV at various temperatures.
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FIG. 5. Temperature dependence of the energy position of
the E& and E2 critical points of cubic GaN (open and solid cir-
cles). The energy values shown refer to analysis of the Srst-
derivative dielectric-function spectra. The solid lines represent
fits to the data with Eq. (3}.

60- Hexagonal Ga N

83 K

of the second derivative of the experimental dielectric
function at low temperatures (83 K) is presented in Fig. 4
(open and solid circles). The dashed and solid lines in
this figure designate fits to the experimental points with
the model given in Eq. (l} and assuming two and three
CP's, respectively, in the energy region between 6 and 8.5
eV. The consideration of this additional structure in the
fitting ameliorates fairly the matching between experi-
ment and fit. Yet, this is somewhat expected, since in this
way four additional fit parameters are introduced.

The energy shift with temperature of the CP energies
for cubic and hexagonal GaN are presented in Figs. 5 and
6, respectively. The points shown correspond to first- (P-
GaN) and second-derivative analysis (a-GaN} of the

as well as considering an average Bose-Einstein statistical
factor (solid lines in Figs. 5 and 6), which assumes crystal
phonons to have mean energy Q, an approximation that
leads to Q=k~6,

E(T)=Es—as l+ 2
(3)

The temperature dependence of the broadening param-
eter I of the E& and E2 CP's of cubic and hexagonal
GaN is presented in Figs. 7 and 8, respectively. The
points shown were obtained from fits to the first (P-GaN)
and second derivative (a-GaN) of the experimental spec-

dielectric function and were fitted with the empirical
Varshni expression,

aTE(T)=Eo—

20-
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a dv2
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FIG. 4. Fits to the second derivative of the dielectric func-
tion of a-GaN around the E» and E» structures at 83 K, as-
suming the contribution of two (dashed lines) and three (solid
lines) CP's to c(~). The data represent the experimental data
ford cl/de and d c&/d~ .
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FIG. 6. Temperature dependence of the energy position of
the E& and E2 critical points of hexagonal GaN (open and solid
circles). The energy values shown refer to analysis of the
second-derivative dielectric-function spectra. The solid lines
represent fits to the data with Eq. (3).
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500
Cubic GaN

I (T)=I' +yT . (5)

400-

300—E

200—
tg
O
L

CQ

100—

0 The values of the best-fit parameters of Eqs. (p) (5)
used to describe the temperature dependence of the ener-

gy location and broadening of the CP's of cubic and hex-
agonal GaN in the region 5—8.5 eV are listed in Tables I
and II, respectively. Due to the scatter of the experimen-
tal data, the estimated 95% error bars (numbers in
parentheses in Tables I and II) are high. The tempera-
ture coefficients of P-GaN for temperatures up to and
above 300 K are presented in Table III.

0
100 200 300 400 500 600

Temperature (K}
V. DISCUSSION

FIG. 7. Temperature dependence of the broadening parame-
ter of the E& and E2 critical points of cubic GaN (open and
solid circles). The broadening values shown refer to analysis of
the first-derivative dielectric-function spectra. The solid and
dashed lines represent fits to the data with Eqs. (4) and (5), re-
spectively.

tra. The solid lines in Figs. 7 and 8 correspond to fits of
the data with the Base-Einstein model, which for the case
of phonon-induced lifetime broadenings takes the form

(4)

The first term of this expression represents the broaden-
ing due to temperature-independent mechanisms (Auger
processes, impurity and surface scattering, electron-
electron interaction, inhomogeneous

broadening�},

whereas the second is due to electron-phonon interaction.
The dashed lines in Figs. 7 and 8 designate fits of the data
assuming a linear relation of the form

400-

1 I

Hexa. gonal GaN
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FIG. 8. Temperature dependence of the broadening parame-
ter of the El and E& critical points of hexagonal GaN (open and
solid circles). The broadening values shown refer to analysis of
cd second-derivative dielectric-function spectra. The solid and
dashed lines represent fits to the data with Eqs. (4) and (5), re-
spectively.

A. Origin of the critical points
of cubic and hexagonal GaN

The fundamental absorption edge of P-GaN has been
estimated by various authars ' ta lie around 3.4-3.5 eV
and is accepted to correspond to an Eo (I &-r, ) transition
at the center of the BZ. Its location is found to be at 3.25
eV, slightly lower than that of the wurtzite polytype (3.43
eV). The higher-energy spectra of the P-GaN (refer to
Fig. l) are dominated by a major structure in the region
6.8-8.0 eV consisting of two neighboring peaks, labeled

Etc and Ezc in Fig. l and located at around 7.0 and 7.6
eV at RT (refer also to Fig. 3), whereas no detectable
structure is observed in the regions 5-6.8 and 8-9.5 eV.
In order to investigate the nature of the observed peaks
we refer to electronic structure studies in the literature.
Among the published theoretical works, the most reliable
band-structure data seem to be those of Miwa and
Fukumoto2s and Rubio et al. ' The corresponding
methods are first-principles pseudopotential calculations
without local-density-approximation (LDA) adjustment
and with (GW)-quasiparticle correction, respectively.
The latter method does not sufFer from the systematic er-
ror induced in the calculation of the conduction-band
states by LDA and, therefore, can provide rather
trustworthy data for the interband electronic excitations;
however, in that work ' the GW-corrected band-
structure diagram is not presented.

Therefore, in order to give an impression of the band
structure of zinc-blende GaN (P-GaN), we present in Fig.
9 the corres onding calculation performed by Miwa and
Fukumoto. This figure shows that the absolute value of
the fundamental gap Eo is underestimated and is found to
occur low in energy, at about 2.7 eV. The corresponding
theoretical results on the energy location of the electronic
transitions up to 10 eV are compared with our experi-
mental data in Table IV. Hence, Miwa and Fukumoto
estimate the fundamenta1 transitions at the I. and I
points to occur at 5.8 eV (X5-X,) and 6.0 eV (L3-L, ), re-
spectively, whereas Rubio et al. ' seem to provide abso-
lute values for these gaps that are in better agreement
with experiment, i.e., 7.7 and 7.3 eV, respectively. The
first direct gap at the K point (K2-K&) is reported to
occur at nearby energies and a values of 7.0 eV is es-
timated by Miwa and Fukomoto.
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TABLE I. Values of the parameters obtained by fitting the temperature dependence of the energies
of the E& and E2 critical points of cubic and hexagonal GaN ~ith Eqs. (2) and (3). The numbers in

parentheses indicate the 95% confidence limits.

GaN cubic E, 7.03 (3)
Eq 7.63 {1)

9.5 {3.8)
4.6 (1.7)

CP E (eV) a (10 eV/K) P (K) Es (eV) as (eV) 0 (K)

553 (460} 7.19 {15) 0.17 {10} 471 (320}
500 (420} 7.72 {6) 0.09 (7} 479 {270}

GaN hexag. El 7.10 (2)
E 8.01 (3)

8.9 (3.6)
7.7 (3.5)

621 (450} 7.23 (13) 0.14 (10} 461 (300}
503 (360} 8.15 (17) 0.15 (12) 486 (400}

In group-IV elements and III-V compounds the second
direct gap (usually labeled E, ) is attributed to transitions
around the L point and/or along the A (I'-L) direction.
The third direct gap (designated Ez) is usually of more
complex origin and assigned to more than one regions of
the Brillouin zone (among them the X point) and, thus, is
found to exhibit generally higher broadening parameters
than E„a fact that is likely to result from the extended
nature of the critical point or points and is often called
"inhomogeneous broadening. " The two gapa differ by
more than 1.0 eV in energy in most of these materials and
hence consist of well differentiated features in the optical
spectra. In the case of p-GaN (refer to Fig. 2) and in ac-
cordance with the band-structure results, we believe that
the gaps E, and E2 lie closer in energy (=0.6 eV) than
for most III-V materials, leading to the double structure
between 6.8 and 8.0 eV. We, therefore, suggest that the
features designated E&c and E2& in Fig. 1 correspond to
the E& and Ez gaps, respectiv8y.

Apart from the A direction, the E, CP's of GaAs and
GaP are attributed to a region along the I KL plane. '

This should be considered also in the case of p-GaN,
since the bands along the A line are found to be parallel
over a wide wave-vector region towards the L point. A
theoretical study would clarify this point, as well as a
possible contribution from the K point. A comparison
between the assignment of the E, and E2 structures of p-
GaN, and GaAs and GaP to specific regions in the Bril-
louin zone is shown in Table V.

The E2 transition, in the case of GaAs and GaP, is a
sum of several contributions, mainly from an extended re-
gion in the I XUL plane [denoted Ez(P)]. ' A contri-
bution from the K point [E2(X)] is also reported for
GaAs, ' whereas the 6 line (I'-X) presents a high
joint density of states in the case of GaP [Ez(h)]. ' In
the region around the X point, several transitions of gen-
erally sxna11 strength are reported to occur

[E2(X)], ' ' although recent works do not support
this argument for GaAs. ' In the case of GaN the E2
structure should be attributed to the X point of the BZ,
whereas a possible contribution from the I XUL plane
should not be excluded.

The values of the broadening parameter of the E& and

Ez transitions of GaAs, GaP, and GaN are shown in
Table V. The analysis of the critical-points broadenings
(refer to Fig. 7) of p-GaN yields that the E, CP exhibits
broadening values significantly higher (=300 meV at RT)
than the neighboring E2 CP (=80 meV) and the E, CP's
of GaAs and GaP. This might further support the argu-
ment that the E, CP is, unlike GaAs and GaP, a contri-
bution from transitions over a broad wave-vector range
(Fig. 9). On the other hand, reliable band-structure cal-
culations with estimation of the band-to-band contribu-
tions to the dielectric function need to be made in order
to determine the location of the E& structure, as well as
investigate a possible contribution to E2 from the I XUL
plane.

From the above, it can be concluded that the experi-
mentally observed broad structure in the region 6.8-8.0
eV is of complex origin and namely a superposition of the
E& and Ez gaps. The former is suggested to comprise of
interband transitions that occur at nearby energies
around 7.0 eV and take place at di8'erent points of the BZ
(mainly along the A line and the L point) but could be as-
sociated with the K point, unless proved otherwise. The
latter gap is, unlike other III-V materials, well defined at
7.6 eV and may correspond to excitations around the X
point. Furthermore, the weak shoulder at 8.8 eV could
be related to the E& gap of the material. The arrows in

Fig. 9 designate the assignment of the E, and E2 struc-
tures to specific interband transitions in the BZ of P-
GaN.

The BZ of the wurtzite lattice involves more high-
symmetry points than the zinc-blende one and, therefore,

TABLE II. Values of the parameters obtained by fitting the broadening of the El and E2 critical
points of cubic and hexagonal GaN vs temperature according to Eqs. (4) and (S). The numbers in
parentheses indicate the 95% conSdence limits.

GaN cubic

GaN hexag.

E,

E,
E

I (me V)

27 (20)
100 (44)
161 (90)

r (mev)

44 (50)
59 {40}
94 (90)

e (K)

522 (420)
467 (250)
516 (340)

I I. (meV)

198 (24)
56 (8}

138 (8)
227 (14)

y (meV/K)

0.34 (7)
0 12 (23

0.19 {3}
0.25 (4)
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TABLE III. Temperature coeScients of the critical-point en-

ergies of the E& and E2 CP's of the zinc-blende Ga-V com-
pounds in the temperature regions up to 300 K and above 300 K
(in 10 eV/K). The numbers in parentheses designate the 95%
con5dence b~its.

TABLE IV. Calculated energy values of the critical-point en-

ergies of the major structures observed in the c2(co) up to 10 eV
of P-GaN, according to the most reliable band-structure data
found in the literature. The corresponding energies of the ex-
perimental dielectric-function structures are also noted.

CP GaP GaN' Energy (eV)

—dE, /dT
—dE2/dT

—dEi /dT
—dE2/dT

5.2 (1)
6.3 (4)

6.4
6.5

Temperatures up to 300 K
4.3 (1) 4.5 (8)
2.6 (6) 1.9 (8)

Temperatures above 300 K
4.8 6.4 (9)
3.6 3.0 (6)

E() r„-r,
1.3-I.l

K2-El
X5-X(

Transition

2.7
6.0
7.0
5.8

3.1
7.3

7.7

3.25
7.0

7.6

Miwa and Fukumoto Rubio et al. This work
(FP-PSPT)' (FP-PSPT) (experiment)

'Reference 65.
Reference 66.

'This work.
Mean value between the temperature coeScients of the E&(h)

and E2(P) CP's.

First-principles pseudopotential calculation without LDA ad-
justment, Ref. 28.
First-principles pseudopotential calculation with GW-

quasiparticle adjustment, Ref. 31.

Ep

L 5
C

Ld

-10-
3 1

P-GaN

X K

(U)
L K W X

PIG. 9. Electronic band structure of cubic GaN [after Miwa
and Fukumoto (Ref. 28}]. The arrows indicate the interband
transitions assigned to the observed experimental structures.

hinders the undisputable assignment of experimental
features to specific electronic transitions. Among the
variety of published works, there exist converging results,
which provide accurate determinations of the fundamen-
tal gap and yield reliable data concerning the higher ener-

gy gaps (Huang and Ching, Gorczyca and Christen-
sen, and Xu and Ching }. The corresponding data are
listed in Table VI. Even though the data of Xu and
Ching yield slightly lower values for all gaps in compar-
ison to the other two works, we believe that this is a sys-
tematic underestimation by a value of 0.3-0.5 eV for the
gaps under study, which causes no change in the overall
picture. On the other hand, Rubio et al. ' seem to report
systematically overestimated gap values. The electronic
band structure of a-GaN calculated by Huang and
Ching "is presented in Fig. 10. The results of Huang and
Ching, Gorczyca and Christensen, and Xu and Ching are
in agreement with each other, as well as with our experi-
mental data and, thus, one can assign the three distinct

structures E&&, E2&, and E3H, which dominate the s(co)
spectra and are centered at 7.0, 7.9, and 9.0 eV (refer to
Fig. 1), to specific points in the BZ of the crystal.

The (111) direction of the BZ of the zinc-blende
structure is mapped along the c axis (I'-5-A) of the wurt-
zite BZ, as well as along three other directions perpendic-
ular to c, which can be pushed by symmetry requirements
down to the basal (I'-X-M) or top (A-R-L) plane of the
BZ. Therefore the E, gap, which is by definition associ-
ated with transitions in the (111) direction, is split in
wurtzite materials into two or more distinct peaks for
the Etc polarization. If E(~c then the E, gap is found to
reduce to a single peak. ' In view of the above, the
features E» and EzH of a-GaN must correspond to the
E& gap. If our indication for an additional structure at
energy =200 meV higher than E,Ir is confirmed, then
the E&H structure of a-GaN must be in fact a double
structure, which would imply that the E

& gap is
comprised of three features for polarization Elc, identi-
cal to what is found for Cdse. In the opposite case (i.e.,
E,Ir being a single structure) a-GaN would be similar to
hexagonal CdS.

As can be seen in Table VI, the onset of transitions at
the L point (Lz4-L,3} is located between the two and
close to 7.3 eV, whereas the first (M4-M&) and second
(M4-M3 }direct gapa at the M point occur at nearby ener-
gies, between 7.0 and 7.4 eV. These three interband exci-
tations along the M-U-L line are thought to compose the
first structure (E,lr ) in the experimental spectra. Here it
should be also noted that the E& gap of P-GaN (denoted
E,c in Fig. 1), which is associated with transitions
around the L point, actually coincides in energy with the
E&~ gap of a-GaN, which may support the argument
that E,H is due to transitions involving primarily the L
point.

The second structure (E2H ) may also be related to the
E, gap and could be related to the 03-H3 transition, re-
ported to take place around 8.5 eV, and possibly to an ad-
ditional contribution around the M point (M2-M& } that
covers a broad energy region, since the corresponding
bands along the U and X directions are found to be rather
Hat. ' This might justify the high broadening values
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TABLE V. Assignment of the E& and E& CP's of the zinc-blende Ga-V compounds to specific re-

gions in the Brillouin zone and comparison of the respective broadening parameters at 300 K deter-
mined as described in Sec. III. (exc), {2D), and {3D) indicate fitting of the dielectric-function spectra
with excitonic, two-dimensional and three-dimensional line shapes, respectively.

F. I

GaN'

A direction
I KL plane

I XUL plane [E2(P)]
around K point [E,(X)]

A direction, nearer to L
possibly I KL plane

around X point
possibly in the I XUL plane

300 (2D)
90 (2D)

GaAs' GaP
Assignment of critical points

A direction
I"KL plane

I XUL plane [E2(P)j
5 direction [E2(b ) j
around X point

Broadening parameters of critical points at 300 K (in meV}
90 (exc) 100 (exc)
45 (2D) 60 (2D)

150 {2D) 70 (3D) [Ei(b )]
90 (3D) [E2(P)]

'Reference 65.
Reference 66.

'This work.

calculated for this second feature (refer to Fig. 8). Final-
ly, at energies around and above 9.0 eV transitions at the
K point of the BZ are suggested to dominate. The first
and second gaps (K3-Kz and K2-K2, respectively) are
found to be less than 0.5 eV apart and, thus, may be re-
sponsible for the weak third feature E3H at 9.0 eV that is
detected in the dielectric-function spectra. The arrows in
Fig. 10 designate the location of the interband transitions
assigned to the observed structures.

B. Temperature dependence
of the energy gaps and broadenings

As can be seen from Fig. 5, the dependence of the E,
and E2 gaps of P-GaN on temperature is significantly
different, the former being stronger than the latter. The
temperature coefficients of the energy gaps of P-GaN are
compared with the corresponding results for the GaAs
(Ref. 65) and GaP (Ref. 66) in Table III. The tempera-

ture coefficient of the E& gap at temperatures below, as
well as above 300 K (dE, /dT= —4. 5 and —6.4X10
eV/K, respectively) is similar, within error bars, to that
of the other Ga-V compounds. On the other hand, the
E2 gap exhibits a systematically smaller temperature
coef6cient than GaAs and GaP. In the case of a-GaN,
the temperature shifts of the E& and E2 features are
found to be almost identical with values 5.5 and
5.4X 10 eV/K, respectively, at temperatures above 300
K.

The E& gap exhibits broadening parameters three times
greater than those of the Ez gap (refer to Fig. 7). This is

opposite to what is observed in other group-IV (Refs. 59
and 69) and III-V compounds (see, for example, Table
V) and reinforces the suggestion that the E, gap
represents contributions from a broad wave-vector range
in the BZ (refer to Fig. 9). This is further supported by
the fact that only a linear fit to the broadening data is

TABLE VI. Calculated critical-point energies of the major electronic transitions up to 10 eV of a-
GaN, according to the most reliable band-structure data found in the literature. The corresponding en-

ergies of the experimental dielectric-function structures are also noted.

Energy (eV)

Transition
Huang and Ching

(OLCAO)'

3.50

Gorczyca and Christensen
(LMTO-LDA) b

3.44

Xu and Ching
(OLCAO)'

2.65

This work
{experiment}

3.35

M4-M,
M4-M3

7.24
7.05
7.3

7.37
7.03
7.4

7.05
6.7
7.25

7.0

H3-H3
M2-M,

8.4
85

8.8
8.7

8.5
8.6

K3-K2
Kq-K2

9.45
9.05

9.04
9.5

9.0

Orthogonalized linear combination of atomic orbitals with LDA adjustment, Ref. 24.
Linear muffin-tin orbital method, with LDA adjustment, Ref. 25.
Orthogonalized linear combination of atomic orbitals without LDA adjustment, Ref. 26.
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FIG. 11. The reflectivity of hexagonal GaN in the energy re-

gion 4.5-9.5 eV (solid line), deduced by ellipsometric
dielectric-function measurements. The dotted and dashed lines
designate the corresponding spectra presented in Refs. 23 and
47, respectively. The solid-dotted line indicates the correspond-
ing experimental spectrum of cubic GaN.

A L M I A H K

FIG. 10. Electronic band structure of hexagonal GaN [after
Huang and Ching {Ref.24}]. The arrows indicate the interband
transitions assigned to the observed experimental structures.

feasible for the E, gap (Fig. 7), which is indicative of in-

homogeneous broadening. "

C. The refiectivity of a-GaN in the energy region 4.5-9.5 eV

In all earlier works on the optical properties of hexago-
nal GaN the experimental technique applied was

reflectivity and, therefore, it is interesting to comment on
our predicted refiectivity R (co) [as calculated from s, (to)
and s2(to}] and compare it with the data in the literature.
The R (t0) spectrum of wurtzite GaN calculated in this
manner in the energy region 4-10 eV is presented in Fig.
11 (solid line). The dominant features are located around
7.0 and 7.9 eV, whereas a secondary structure is evident
at above 9.0 eV. The most reliable reflectivity data in the
literature concern thin films with Ej.c and come from
Bloom et al. 3 and Olson, Lynch, and Zehe. 7 These
spectra are shown in Fig. 11 with dotted and dashed
lines, respectively. SigniScant discrepancies exist between
these spectra concerning the line shape and the absolute
values of the reflectivity.

Important differences exist concerning the absolute
values of refiectivity: At the energy of 5 eV, the experi-
mental values of refiectivity are R =0.17 (Olson, Lynch
and Zehe, and this work) and R =0.20 (Boom et al.).
Moreover, the absolute refleetivity value of the main peak
at around 7 eV is again higher (0.30) according to Bloom
et a/. in comparison to the data of Glson, Lynch, and
Zehe (0.265) and this work (0.275).

According to Fig. 11, one can see that the reflectivity
maximum for a-GaN in the energy region under con-
sideration occurs in all cases at about 7.0 eV. Two secon-
dary peaks are noted at energies higher than the main

peak at around 7.9 and above 9 eV (Olson, Lynch, and
Zehe, and this work}, whereas Bloom et al. detects three
peaks in the above energy region (at 7.7, 8.6, and 9.3 eV,
respectively). In order to interpret these differences we

present the reflectivity spectrum of cubic GaN for com-
parison (solid-dotted line in Fig. 11). The higher max-
imum is shifted by =0.6 eV with respect to a-GaN and
is located at the same energy as a peak reported by
Bloom et a/. for a-GaN. Moreover, the reflectivity line
shape of Bloom et al. above 8 eV resembles rather that of
P-GaN than that of the wurtzite modification, while the
absolute values of refiectivity of P-GaN and Bloom's
et al. data at 5 eV are in rather good agreement.

These observations may be related to one or more
reasons: A possible oblique orientation of the surface
plane with respect to the c axis would lead in a midcase
between the Elc and E~~c polarizations s and, thus, non-
reproducible spectral differences between them, a fact
which is actually mentioned in Ref. 19. Furthermore,
poor specimen quality and visible imperfections are re-
ported to cause an uncertainty in the refiectivity peak po-
sitions of 0.1 to 0.4 eV, whereas the similarities with P-
GaN cannot exclude the presence of a significant cubic
component in the material. We thus conclude that the
reflectivity data on hexagonal GaN reported in this work
are in very good agreement with those of Ref. 47,
whereas other factors seem to influence the correspond-
ing data of Ref. 23. It should be also noted that, com-
pared to this work, the data of Ref. 47 exhibit broader
features, which may be related to the specimen surface
quality, a factor that greatly influences the absolute
values of reflectivity at these energies.

D. The structure around 14 eV
in the reflectivity spectra of cz-GaN

Reliable measurements cannot be performed by our el-
lipsometric apparatus in the region 10—14 eV due to
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R (co)=R (co„~)(co„~/co)', (7)

where co„„ is the upper limit of measurement. Since the
upper limit of the Olson, Lynch, and Zehe data is 33 eV,
which is well above the experimentally observed plasma
frequency of GaN (17 eV) and sufficiently higher than the
transitions from the d bands of Ga (around 22 eV), one
can assume no contribution from interband transitions at
energies higher than 33 eV and, therefore, consider the
exponent s equal to 4 (s =4).

030'rt I
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Q25 -—
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I I
1

Hexagonal.
GaN

second-order difFraction in the monochromator, which
distorts the dielectric-function line shape and absolute
values. Apart from a weak structure at around 11 eV, a
broad pronounced structure at 14 eV, which is not shown
in the experimental data of Fig. 13, dominates our a-
GaN spectra and it is intriguing to investigate if this is an
"artifact" or not. We thus consider the corresponding
reflectivity spectrum of Olson, Lynch, and Zehe, which
exhibits both the weak feature at 11 eV and this huge
feature in the region around 14 eV. Since the data extend
over a wide energy range, we can directly compare the
experimental dielectrical function determined by ellip-
sometry with the dielectric function found by Olson,
Lynch, and Zehe via Kramers-Kronig analysis. The
phase parameter 8(co) is given by the relation

coo In[R (a))/R (coo)]
8(coo)= dc' .

n o N CO0

As seen from Eq. (6), the 8(co) can be accurately deter-
mined only if the values of reflectivity are known in the
short- and long-wavelength regions. The behavior of
R (co) in the latter region can be well approximated by an
exponential law of the form

~~1 " 'T " C

I I
I

1 ~~~ ~~i 7

H exagonal Ga N

a
D

=—=—) Expe ri ment
---- -- Cal. curvation

In the region below 5 eV, which is the lower hmit of
Olson, Lynch, and Zehe's data, the values of R (~ )

cannot be solely approximated by a Sellmeier line shape,
since the fundamental absorption of the material is locat-
ed at around 3.3 eV. Therefore, Olson, Lynch, a,nd
Zehe's data (solid-dotted line in Fig. 12} were matched
with our ellipsometry data of the a-GaN Slm grown on
sapphire (solid line, Fig. 12). The data are in good agree-
ment in the region 5-5.5 eV. The dashed line in Fig. 12
sho~s the extrapolation of the experimental data at ener-
gies belo~ 3.3 eV by means of a Sellmeier line shape and
in agreement with the literature. ' Thus, the reflectivity
spectrum that was considered in Eq. (6) for the deter-
mination of the parameter 8(co) ranged between 0 and 33
eV and is presented in the inset of Fig. 12.

The resulting dielectric-function spectrum calculated
by Kramers-Kronig analysis of the reflectivity spectrum
reported by Olson, Lynch, and Zehe and extended to zero
and high energies as discussed above is represented by
dashed lines in Fig. 13. In this we see that the pro-
nounced reflectivity feature around 14 eV actually corre-
sponds to a dielectric-function structure of ordinary mag-
nitude and line shape. This fact provides an indication
that this structure is not an artifact.

The experimental dielectric-function spectrum of cz-

GaN measured by ellipsometry in the region 14-25 eV is
represented in the same figure (Fig. 13) by solid lines. It
bears strong resemblance with the calculated one (dashed
lines), such as common line shape, the location of the
plasma energy (where e, becomes zero) at 17 eV and the
existence of broad weak features around 22 eV, which are
attributed to electronic excitations from the d bands of
Ga. Concerning the deviations between the experimental
and calculated dielectric function in the energy region
below 17 eV, a reinforcement by, e.g., 2% of the 14-eV
reflectivity feature (see inset of Fig. 12} to a higher peak

0.10 '

0

This worg
- — — — = Orson etaI. .——— Ext rapolated data

I . l i I I I l

4 5 6 7

Photon Energy (eY) I I I I I I I I I l I I—2
0 5 'l0

I I I I I

'15 20

I

25
FIG. 12. The reflectivity of hexagonal GaN in the energy re-

gion between 0.05 and 7.5 eV. Solid line: experimental results
from dielectric-function measurements on a-GaN films grown
on sapphire. Solid-dotted line: Data reported in Ref. 47.
Dashes: extrapolation of experimental data in the region of
multiple reflections (1.5—3.2 eV) and in the transparent region
down to 0.05 eV. In the inset is presented the resulting
re6ectivity spectrum of GaN, which was analyzed via the
Kramers-Kronig transformation.

Photon Energy (eY)

FIG. 13. The real (e, &) and imaginary (c2) parts of the dielec-
tric function of hexagonal GaN, calculated with Kramers-
Kronig analysis of the refiectivity spectrum presented in the in-

set of Fig. 11 {dashed lines). The experimental dielectric-
function spectra measured by ellipsometry in the ranges 3—9.5
and 14-25 eV are shown for comparison (solid-dotted and solid

lines, respectively).
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value causes the absolute values of the calculated s(ro) to
coincide with the experimental data (solid line, Fig. 13).
We can also compare the calculated and the experimen-
tally measured dielectric-function spectra of GaN in the
energy region 1.5—9.5 eV. One can see that both spectra
exhibit the same line shape and structures, which rein-
forces the conclusion that the feature reported by Olson,
Lynch, and Zehe at energies around 14 eV is indeed not
an artifact.

10-

o- 4

—GaAs

GaP

a- GaN

E. Average proyerties and sum rules in GaN

After studying the optical response of a-GaN up to 33
eV we estimate some average properties of its electronic
structure, such as the ir dielectric constant s„and the
efFective number of valence electrons per atom n,z that
contribute to the optical properties. Since nitrogen forms
generally bonds of short length, which affect most of the
physical and optical properties of the material, a subse-
quent comparison between the Ga-V compounds with
respect to s„and n,~ is of particular interest. This can
be accomplished by means of the sum rules '

and

s2(r0)
e„(co )=1+—I dro

7T 0 CO

(8)

m
n s(co )=

2
—I coax(C0) dc0, (9)

4~1'
where co denotes the upper limit of integration. Note
that Eq. (8) converges much faster than Eq. (9). The
quantities m and e denote the electron mass and charge,
whereas N stands for the electrons density. The volume
of the a-GaN unit cell was calculated at around 45.0 A
from lattice parameter data. Hence, in order to deter-
mine s„(ro ) and n,rr{eo ) for a-GaN from Eqs. (8)-(9)
we used the calculated dielectric-function spectrum of
Fig. 13.

The results for a-GaN are presented in Figs. 14 and 15,
respectively, along with the corresponding ones for GaAs
and GaP. The corresponding results for the cubic
phase, P-GaN, are estimated using the experimental spec-
tra up to 9.5 eV and shown by the solid-dotted lines in
Figs. 14 and 15.

Figure 14 provides a description of the virtual inter-
band transitions, which are predominantly responsible
for the magnitude of the dielectric constant. In the case
of GaAs and GaP, the principal contribution seems to
arise from transitions around and below 5 eV, whereas
for GaN this region extends to around 10 eV since its ma-
jor oscillator strength is located in the vacuum ultraviolet
{6.5 —9 eV). The asymptotic limit of the efFective dielec-
tric constant for u ~00 is found to be c„=4.5, some-
what lower than the direct experimental observations.
The existence of the Ga d-band excitations is expected to
underestimate slightly the saturation value of a by a
magnitude of less than 0.3, in comparison to dc-
capacitance measurements and in a manner similar .to
GaAs and GaP.

The line shape of the effective number n,s(ro) of
valence electrons per atom of GaN is shown in Fig. 15.

The n, tr(r0) curve of GaN exhibits higher absolute values

than that of GaAs and Gap and has onset located at
higher energy (5 eV), since GaN is a wide-band-gap com-
pound with the prime oscillator strength sited at energies
higher than 6.5 eV. Furthermore, as seen from Fig. 15,
n, tr(r0) does not reach a saturation value at energy up to
34 eV. This is due to two reasons. First, at energies
around 13 eV the broad reQectivity feature analyzed in
Sec. V D (refer to the inset of Fig. 12) starts to contribute
to n,z, whereas core excitations from the d bands of Ga
cause a further steep increase of n,& at energies above 22
eV, contrary to what is observed in materials without d
bands e.g., Si.

VI. CONCLUSIONS

In this work, we report on the optical properties of
zinc blende and wurtzite GaN films at energies up to 25

0 v ~ ~ ~ ) ~ I

c 4

0
0 10
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15 20 25
Energy (eV)

30

FIG. 15. The efFective number of valence electrons per atom
n,fr of a- and P-GaN vs photon energy (solid and solid-dotted
lines, respectively). The corresponding data for Gap and GaAs
are shown for comparison (after Ref. 73).

0 I ~ I I I I I I I I ~ I I I I I ~ ~ I I I I I I I ~ I ~ ~ I I I

0 5 10 15 20 25 30
Photon Energy (eV)

FIG. 14. The effective dielectric constant e„of a- and P-
GaN vs photon energy (solid and solid-dotted lines, respective-

ly). The corresponding data for GaP and GaAs are shown for
comparison (after Ref. 73).
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eV and their temperature dependence. The dielectric-
function spectra of a- and P-GaN with Elc up to 10 eV
are found to bear no resemblances and exhibit different
features. The fundamental gap of both polytypes is es-
timated to lie at difFerent energies, namely 3.25 and 3.43
eV for the cubic and hexagonal phase.

The optical properties above the band edge are dom-
inated in the case of P-GaN by a broad structure extend-
ing between 6.8 and 8.0 eV, which consists of at least two
features. Analysis with appropriate models indicates two
interband transitions, occurring at 7.0 and 7.6 eV (room
temperature) and corresponding to the E, and Ez gaps of
the material. In conjunction with the latest electronic
band-structure studies, the former CP is suggested to
originate from transitions along the A direction, nearby
the I point of the Brillouin zone, as well as from other
excitations on the I KI. plane. The high broadening
values of the structure may indicate a further contribu-
tion, e.g., from an area around the K point. The Ez
structure is assigned to transitions around the X point of
the Brillouin zone, but a further contribution from an ex-
tended region in the I XUL plane may be anticipated, in
accordance to similar results for GaAs and GaP. The E2
structure is found to be only slightly shifted with temper-
ature, whereas E, shows a signdlcantly stronger depen-
dence. An additional structure at 8.8 eV is detected and
may correspond to the E& gap of the material. On the

other hand, the hexagonal polytype is found to exhibit
three distinct peaks at 7.0, 7.9, and 9.0 eV. The first may
be associated with the primary transitions at the I. and M
points, the second with the 83 83 and M2-M, excita-
tions, whereas the third may correspond to the onset of
transitions at thc K point of the BZ. The features at 7.0
and 7.9 eV are thought to correspond to the Ej gap of
the material.

Furthermore, the reflectivity values of 0.-GaN in the
region 4.5-9.5 eV estimated from the dielectric function
are compared to corresponding published data and found
to be in good agreement with those reported in Ref. 47,
whereas a Kramers-Kronig analysis of the reflectivity is
used to verify the existence of the pronounced reflectivity
feature reported around 14 eV. Finally, s„(co) and

n, (se) are calculated for a- and P-GaN at energies up to
33 cV and the results are compared between the poly-
types and to those found for GaAs and GaP.¹teadded in proof. We have recently become aware
of a paper by Christensen and Gorczyca [Phys. Rev. B
50, 4397 (1994)] in which a theoretical calculation of the
optical response of GaN is presented.
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