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Far-infrared and Raman analysis of phonons and phonon interface modes
in GaN epilayers on GaAs and GaP substrates

G. Mirjalili, * T. J. Parker, S. Farjami Shayesteh,† M. M. Bülbül, and S. R. P. Smith
Department of Physics, University of Essex, Wivenhoe Park, Colchester CO4 3SQ, United Kingdom

T. S. Cheng and C. T. Foxon
Department of Physics, University of Nottingham, University Park, Nottingham NG7 2RD, United Kingdom

~Received 24 April 1997!

The vibrational properties of undopeda- andb-GaN epilayers on GaAs substrates have been investigated at
300 and 77 K by far-infrared Fourier transform spectroscopy using polarized oblique incidence reflectivity and
Raman spectroscopy. These techniques have enabled us to determine the transverse- and longitudinal-optical
phonon frequencies at the center of the Brillouin zone for propagation parallel and normal to the epilayers, as
well as to investigate a number of interesting interface modes. Comparison of the phonon properties of a
selection of GaN epilayers deposited by molecular-beam epitaxy on GaAs and GaP substrates indicates that
their properties are strongly influenced by the substrate material and orientation. The presence of Berreman
interface modes in the spectra is evidence of the presence of a boundary layer at the base of the GaN epilayer
adjacent to the substrate. By modeling the boundary layer as a very thin~;15 nm in thickness! highly
disordered region at the base of the GaN layer, all features in the measured spectra are satisfactorily assigned.
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INTRODUCTION

GaN has long been viewed as a promising system
semiconductor device applications in the blue and near-
wavelength regions, but one of the major difficulties that h
hindered GaN research is the lack of a suitable subst
material that is lattice matched and thermally compati
with GaN. Nevertheless, GaN has been grown on Si, Ga
GaP, InP, NaCl, SiC, ZnO, Al2O3, MgAl2O4, TiO2, and
MgO substrates by a number of laboratories.1 However,
characterization of GaN epilayers on different substrates
not received sufficient attention.

In our previous work, far-infrared characterization of Ga
epilayers in the cubic, wurtzite, and mixed phase on G
substrates was reported.2 In this paper we describe an inve
tigation by polarized oblique incidence far-infrared reflecti
spectroscopy and Raman spectroscopy on samples cons
of thin epitaxial layers of GaN deposited by molecular-be
epitaxy~MBE! on GaAs substrates and compare these res
with the earlier results.2 The GaN layers are grown in th
wurtzite~a-GaN! and cubic~b-GaN! phases. We have inves
tigated the transverse-~TO! and longitudinal-~LO! optical
phonon frequencies at the center of the Brillouin zone,
well as a number of interesting interface modes. These
sults are supported by Raman spectroscopy. A bound
layer at the GaN/substrate interface has been reveale
some of these systems. Comparison of the results obta
on the GaN/GaAs system with those of the GaN/GaP sys
shows in each case that the properties of the GaN epil
are strongly influenced by the substrate material and orie
tion.

EXPERIMENTAL RESULTS AND ANALYSIS

Far-infrared ~FIR! measurements were made using
modified NPL/Grubb Parsons modular cube interferome
570163-1829/98/57~8!/4656~8!/$15.00
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In this work six samples, each consisting of a thin epilayer
GaN on either a GaAs or a GaP substrate, have been in
tigated. The structure of the layers was either cubic or wu
ite and they were grown by MBE.3 In the case of wurtzite-
structure samples, the epilayers grow with t
crystallographicc axis along the growth direction. All of the
samples were undoped, and no free-carrier effects were
served for any sample in any of the measured spectra; fur
comments on this will be made in the relevant experimen
sections. The basic parameters of these samples are tabu
in Table I, together with information on two sample
MG108 and MG85, described in an earlier publication2

which are included here for comparison.
The GaN FIR reststrahl region (450– 800 cm21) is well

separated in frequency from the GaAs (250– 350 cm21) and
GaP (350– 450 cm21) reststrahlen regions. Stretched she
of polyethylene terephthalate~Mylar! are commonly used a
beam dividers in far-infrared spectrometers, the thickness
ing chosen to match the first transmission interference en
lope to the required spectral range. However, it is not p
sible to choose a thickness that gives a good signal-to-n

TABLE I. Basic parameters of the GaN epilayers investigated
this work.

Sample Structure Substrate Thickness~mm!

MG107 Cubic GaAs~001! 0.2
MG186 Cubic GaAs~001! 0.6
MG217 Cubic GaAs~001! 0.8
MG108 Cubic GaP~001! 0.2
MG142 Wurtzite GaAs~001! 0.2
MG159 Wurtzite GaAs~001! 1.15
MG348 Wurtzite GaAs~111! 1.15
MG85 Wurtzite GaP~001! 0.6
4656 © 1998 The American Physical Society
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ratio over the complete spectral range extending fr
250– 800 cm21 using a single Mylar beam divider; furthe
more, Mylar has a strong absorption band in the reg
725– 730 cm21, which adds to the difficulties of measure
ments in the GaN reststrahl region. Consequently, the exp
ments were carried out in each region using different be
dividers: we used a Mylar beam divider 6.25mm in thickness
for measurements in the GaAs reststrahl region, and for m
surements in the GaN reststrahl region, a beam divider
ricated by depositing a thin film of Ge;0.50mm in thickness
on a parallel plate of KBr 0.5 cm in thickness was used.

FIR measurements were made in boths- and
p-polarization.s-polarized measurements couple only to t
component of the dielectric function parallel to the plane
the layers, whereasp-polarization measurements couple
multaneously to the components parallel and perpendic
to the plane of the layers, the relative contributions of
two components being determined by the angle of inciden
Thus, a combination of FIR measurements using both po
izations can be used to determine the dielectric parame
parallel and normal to the plane of the epilayers.

Calculated spectra were obtained using stand
multilayer optics techniques,4 the layers being vacuum fo
the medium of incidence, the GaN epilayer, and the s
strate; in some samples it was also necessary to includ
the model an additional thin~;15 nm in thickness! highly
disordered layer at the base of the epilayer to account for
presence of an unexpected interface mode in the meas
spectra.

We define Cartesian axes withx5y normal to the growth
direction, andz parallel to the growth direction. The dielec
tric function«d(v) for each of the semiconductor layers w
modeled using a classical dielectric function for a damp
simple harmonic oscillator:

« id~v!5«`,id1(
j

r id, jvTOid, j
2

vTOid, j
2 2v22 ivg id, j

, ~1!

wherevTOid, j , r id, j , and g id, j are, respectively, the trans
verse optical-phonon frequency, the phonon oscilla
strength, and the phonon damping parameter of thej th os-
cillator in the i th layer in thedth direction~d[' for the x
5y directions andd[ i for the z direction!. «`,d is the lim-
iting high-frequency value of the dielectric constant in t
dth direction.

In the case of a sample with an ideal cubic structure,
epilayer would be isotropic and the dielectric function wou
be independent of direction, and we have an independ
check on this: in the present work a single set of phon
parameters is sufficient to obtain a good fit to both thes- and
the p-polarization spectra, indicating that there are no o
servable effects due to strain.

In the case of samples with the wurtzite structure,
overall symmetry is uniaxial with the uniaxisz oriented
along the growth direction. Two sets of phonon parame
are therefore required to model the dielectric tensor: on
model «xx(5«yy)[«' and another to model«zz[« i . For
both sets we have used the published values for«` andr.5

The mode frequencies, damping parameters, and layer th
nesses are determined from the experimental measurem
described below. In the case of the cubic structure«xx5«yy
n
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and«zz are equivalent, and both the mode frequency and
parameters except«` are determined experimentally.

It is also possible to investigate so-called Brewster a
Berreman interface modes6,7 using the model. Dips in the
p-polarization reflectivity, described as Brewster modes,7 are
observed when the numerator of the Fresnel reflection c
ficient for an interface passes through zero due to impeda
matching in the two media; a Berreman interface mode
curs in the vicinity of an LO phonon when the real part of«
crosses zero in one of the media if the real part of«,0 in
the second medium. Assignments of these modes can
made by calculating dispersion curves and the profiles of
electromagnetic fields throughout the structure. We sh
that the presence of an unexpected Berreman mode in
spectra ofb-GaN samples can be used to obtain structu
information on the samples, which is supported by resu
from electron microscopy.

The agreement between the experimental and theore
curves is good in all cases. For simplicity we describe
behavior of the samples in each phase, i.e., cubic and wu
ite, respectively, in Secs. I and II, separately.

I. CUBIC PHASE „b-GAN…

Figures 1~a! and 1~b! show thep- ands-polarization FIR
spectra of sample MG107 in the GaAs reststrahl region
300 K. The epilayer is transparent in this region, so the sp

FIG. 1. Measured~solid lines! and calculated~dotted lines! far-
infrared reflectivity spectra of ab-GaN epilayer on a GaAs sub
strate ~sample MG107!: ~a! p-polarization spectrum and~b!
s-polarization spectrum in the GaAs region;~c! p-polarization spec-
trum and~d! s-polarization spectrum in the GaN region. See text
discussion of marked features.
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4658 57G. MIRJALILI et al.
tra show only the reflection from the GaAs optical phon
band bounded by the TO frequency at 269.2 cm21 and the
LO frequency at 293.1 cm21.

Figures 1~c! and 1~d! show thep- ands-polarization spec-
tra, respectively, for sample MG107 in the GaN reststr
region at 300 K. Both spectra contain a pronounced peaA
around 554 cm21 near theb-GaN TO frequency, and a
shoulderB near 547 cm21. The p-polarization spectrum ha
a pronounced dipC near 735 cm21 and a weaker dipD near
684 cm21. Furthermore, there is a much weaker subsidi
peakE in both spectra near 475 cm21.

The main peakA near 554 cm21 Figs. 1~c! and 1~d! cor-
responds to reflection from the GaN TO phonon mode
the large dipC at 735 cm21 is associated with a Brewste
mode6 near the GaN LO phonon frequency at the vacuu
GaN interface. A calculated dispersion curve for this mod
shown in Fig. 2. The small peakE present in both thep- and
s-polarization spectra is due to a two-phonon combinat
band in the GaAs substrate. Similar features have been
served before in bulk GaAs by many workers,8–10 and no
feature near 475 cm21 is seen in any of our spectra of Ga
epilayers on GaP substrates.2 The shoulder B, near
547 cm21, and the dipD, at 684 cm21, however, are unex
pected features, and their polarization properties imply t
they correspond, respectively, to TO- and LO-like modes
discussed below.

No free-carrier effects were observed in any of the spe
obtained with the samples used in this work. For instan
for this sample, MG107, no bulk free-carrier response w
observed at frequencies below the GaAs reststrahl band
the GaN LO phonon region, the effect of plasmon-phon
coupling is primarily to shift the Brewster mode near the L
frequency, with little effect on the background level. T
frequency of the Brewster mode near to the GaN LO pho
~featureC! in Fig. 1~c! is close to the LO frequency of un
doped GaN,2 with no significant shift due to plasmon-phono
coupling. The difference in background levels of the me
sured and calculated spectra, most noticeably in Figs.~c!
and 1~d! and in some later spectra, is therefore not associa
with free-carrier effects, and most probably arises from

FIG. 2. Calculated dispersion curve for the Brewster mode~la-
beled BM! at the vacuum/b-GaN interface in sample MG107, indi
cating the presence of a Brewster mode at around 735 cm21 at the
intersection of the 45° scan line with theqx curve. This point, which
is associated withvLO , is observed as a dip in thep-polarization
reflectivity spectrum, featureC in Fig. 1~c!.
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~unexplained! experimental artifact.
In Fig. 3 we show a typical Raman spectrum ofb-GaN on

a GaAs~001! substrate measured at 300 K using the 51
nm line of an Ar1 laser operating at a power of;300 mW.
The scattered light was analyzed using a Spex double mo
chromator and detected by standard photon-counting te
niques. The spectrum was recorded with a spectral resolu
of ;2 cm21 in thez(xy) z̄ quasi-backscattering configuratio
~i.e., input and scattered beams propagating alongz and2z,
respectively, with input polarization alongx and scattered
polarization in thexy plane, wherez is along the normal to
the @001# surface, andx andy are the@100# and@010# direc-
tions!. In this geometry, the selection rules permit scatter
by LO modes with the wave vector parallel to@001#.11

The spectrum shows two strong bands, namely, the
and LO optical-phonon modes, at 552 and 738 cm21, respec-
tively, in agreement with the infrared measurements and w
previous Raman work on zinc-blende GaN.12,13 The quality
of the spectrum and the relative strengths of the LO and
peaks vary at different places on the sample surface, indi
ing a variation in sample homogeneity and quality. In pr
ciple, TO scattering is forbidden for backscattering from
semi-infinite sample of perfect material but it becomes
lowed when the scattering departs from strict backscatter
our experimental configuration departs from strict bac
scattering by a few degrees, but the presence of a forw
scattering component reflected from the substrate and de
tions from 180° scattering caused by surface roughness
likely to be more significant in causing the observed T
scattering. We also observe two subsidiary modes,A at
71063 cm21 andB at 68463 cm21, on the low-energy side
of the LO band. The subsidiary peakA has been observed b
others, e.g., Siegelet al.,13,14 and is probably due to a two
phonon summation band originating from the combination
L-point LA and TO phonons. Ziet al.15 have made first-
principles calculations of the phonon-dispersion curves

FIG. 3. Measured Raman spectrum of ab-GaN epilayer on a
GaAs substrate~sample MG186! in backscatteringz(xy) z̄ configu-
ration at room temperature, showing the LO and TO GaN zo
center phonons, a two-phonon combination band (A), and the
boundary layer mode (B).
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57 4659FAR-INFRARED AND RAMAN ANALYSIS OF PHONONS . . .
GaN, and quote the frequencies of these modes as 144
569 cm21, respectively~obtained by analysis of experimen
tal data on the closely related hexagonal wurtzite structu!.
These values give a combination band at 713 cm21, in close
correspondence with our observed frequency of 710 cm21.
However, it is curious that this band is not observed in R
man scattering in hexagonal GaN,14 where the 144- and
569 cm21 modes are first-order allowed. The weak featureB
at ;684 cm21 is attributed to the boundary layer mode o
served in the FIR measurements, as no further two-pho
band is expected in this region. Although this layer is ve
thin, the GaN is actually transparent at the optical wa
length of the laser, 514.5 nm, and, if the boundary layer
a high optical absorption, scattering from this layer can
enhanced in backscattering. The Raman measurements t
fore support the FIR assignment of the LO mode freque
of the boundary layer, which is discussed below.

We now turn to the interpretation of featuresD andB in
Fig. 1~c!. It can be seen that the dipD at 684 cm21 is similar
in shape to the shape of the Brewster interface modeC at
735 cm21. Experience with interface modes in other sem
conductor structures16 led us to consider that featureD might
be associated with a Berreman mode, but this requires
existence of an additional interface in the structure.7 If we
postulate the existence of a very thin~;15 nm in thickness!
boundary layer at the base of the GaN epilayer to create
additional interface within the GaN, the two conditions f
the propagation of a Berreman mode along this interface
~i! that the LO phonon frequency in the boundary layer m
occur at 684 cm21 and~ii ! that the real part of the dielectri
response in the adjoining GaN layer must be negative at
frequency.7 The second condition is automatically satisfie
since the GaN LO phonon frequency is greater than the
posed LO phonon frequency in the boundary layer. T
thickness of the layer is determined from the model a
describes the magnitude of the dip atD. Detailed justifica-
tion of this proposal is given below.

From the point of view of explaining the measured sp
tra using an additional layer, there are at least three poss
ties for accounting for the presence of the two unexpec
features~B andD!.

~1! The boundary layer consists of an alloy of GaAs a
GaN. The presence of such an alloy would shift the LO a
TO phonon frequencies of bulk GaN and GaAs.17 Although
this might be an explanation of the additional features in
GaN region, there is no evidence of shifted LO or TO mod
of bulk GaAs in the GaAs region of the spectrum, as can
seen from Figs. 1~a! and 1~b!. Results from electron
microscopy18 on this sample also confirm that there is
evidence for the presence of a ternary compound
GaAsxN12x. Thus, this possibility is untenable.

~2! The boundary layer is strained. However, phonon f
quencies are expected to shift due to strain by only a
wave numbers,19 so that the considerable shift of the L
frequency from 735 to 684 cm21 cannot be explained by
strain.

~3! The unexpected features arise from the presence
very thin highly disordered boundary layer at the base of
GaN epilayer. Loss of periodicity in this heavily disorder
layer would be expected to weaken the selection rules
cause all phonons to become infrared and Raman activ20
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The zone-boundary frequencies in the III-V semiconduct
are considerably lower than the zone-center frequencies,21 so
this would be expected to lower the frequency of the diel
tric response in the boundary layer due to the dispersion
the optical-phonon branches of the dispersion curves ac
the Brillouin zone. We therefore assign featureD, which is
only seen inp polarization, as a Berreman mode at the L
frequency of the boundary layer, and featureB, which is
seen in boths andp polarization, as the TO frequency of th
boundary layer. Calculated dielectric functions, neglect
damping, in the two layers are shown in Fig. 4 to illustra
this point; it can be seen from Fig. 4~b!, in which both scales
are expanded in the LO phonon region, that conditions~i!
and ~ii ! stated above are indeed satisfied by this model
calculated dispersion curve for the Berreman mode
684 cm21 at the interface between the GaN and the bound
layer is shown in Fig. 5.

Comparison of the lattice parameters ofb-GaN and GaAs

FIG. 4. The calculated dielectric functions«, neglecting damp-
ing, for a b-GaN epilayer with a boundary layer on a GaAs su
strate, e.g., sample MG107. The poles at 547 and 554 cm21 corre-
spond to the TO frequencies of the boundary layer and theb-GaN
epilayer, respectively, and the zeros at 684 and 735 cm21, represent
the LO frequency of the boundary layer and theb-GaN epilayer,
respectively. Both scales expanded in~b! to illustrate the LO pho-
non region. Dashed line: boundary layer. Full line:b-GaN layer.

FIG. 5. Calculated dispersion curve for the surface polari
~i.e., the Berreman mode, labeled BM! at the interface of the good
quality b-GaN epilayer and the boundary layer, e.g., sam
MG107. A Berreman mode at 684 cm21 is predicted at the point of
intersection of the surface polariton dispersion curve and the
scan line, and appears as a dip in thep-polarization spectrum atD
in Fig. 1~c!.
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4660 57G. MIRJALILI et al.
indicates that the lattice mismatch between the substrate
the GaN epilayer is about 22.3%. This very large misma
creates many defects in theb-GaN epilayer, particularly in
the region immediately above the substrate, creating
boundary layer. With increasing epilayer thickness, the G
relaxes and reverts more or less to its bulk crystalline str
ture. Thus, in this model there are two regions within t
GaN: a highly disordered boundary layer and an epila
of much higher quality above it. The electron microsco
results18 on this sample~MG107! show that the epilayer is a
b-GaN single crystal with many extended defects on
$111% planes; the material immediately in contact with t
substrate is heavily disordered, with a density of defe
which decreases away from the GaN substrate interface

In the case ofb-GaN, the calculated phonon-dispersio
curves15,22 show that the LO phonon frequency drops fro
about 740 cm21 at the zone center to about 640 cm21 at the
@001# zone boundary. The dispersion curve for the TO ph
non, in contrast, is nearly flat, dropping only by abo
15 cm21 below 553 cm21 in the @001# direction. This is con-
sistent with the observed frequencies of the Berreman m
~featureD at 684 cm21! and the TO phonon mode~featureB
at 547 cm21!, which together define the effective LO and T
frequencies of the boundary layer.

If we pursue this further, we may model the bounda
layer with a dielectric function

«~v!5«`S 11
vLO~bl!

2 2vTO~bl!
2

vTO~bl!
2 2v22 ig~bl !v

D , ~2!

where vLO~bl! , vTO~bl! , and g (bl) are, respectively, the LO
and TO phonon frequencies and the phonon damping pa
eter in the boundary layer, and«` is the high-frequency di-
electric constant of GaN. The damping parameter is ne
40% greater than the damping parameter of the zone-ce
mode, which is consistent with line-broadening due to dis
der. The parameters used for modeling in this case are li
in Table II.

We also find that with increasing thickness of the G
epilayer the attenuation in the GaN layer eventually becom
too large and the coupling to the Berreman mode is lo
Thus, in a thicker sample, i.e., sample MG217~0.8 mm
thick!, because«8,0 in the GaN layer at 684 cm21, the
radiation is strongly attenuated in the epilayer at this f
quency, and the Berreman mode is not observed in
sample, as shown in Fig. 6~a!. However, for sample MG186

TABLE II. The parameters used in modeling the spectra
cubic GaN epilayers on GaAs and GaP substrates. bl refers to
boundary layer.

b-GaN/GaAs b-GaN/GaP

vTO (cm21) 554 553
vLO (cm21) 735 733
r 4.1 4.05
g (cm21) 8 17
vLO~bl! ~cm21! 684
vTO~bl! ~cm21! 547
g~bl! (cm21! 11 ;20
«` 5.35 5.35
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which has a GaN layer of intermediate thickness~0.6 mm!,
the Berreman mode is still just observed, as shown in F
6~b!. FeaturesF andG are discussed later.

It is also found that the features at 547 cm21 (B) and
684 cm21 (D) measured at 300 K shift slightly after th
sample is cooled to 77 K and rewarmed again, as show
Fig. 7~a!, indicating that the boundary layer is not stable.
contrast, the main features at 554 cm21 (A) and 735 cm21

(C), which are GaN mode frequencies, do not shift. Th
implies mechanical accommodation to temperature chan
in the boundary layer which does not influence the go
quality GaN epilayer above. Figure 7~b! shows that the GaN
phonon frequencies, featuresA and C, increase slightly, as
expected, on cooling to 77 K.

For theb-GaN/GaP system, i.e., sample MG108, the m
features occur at 553 and 733 cm21 corresponding to the
b-GaN TO and LO phonon frequencies, respectively.2 The
p-polarization spectra of samples MG107 and MG108
compared in Fig. 8. The phonon parameters ofb-GaN/GaP
are compared with those ofb-GaN/GaAs in Table II, and it
can be seen that the damping parameter for theb-GaN/GaP
system is much larger than for theb-GaN/GaAs system, and
the LO and TO frequencies are slightly different.

r
he

FIG. 6. Experimental~solid lines! and theoretical~dotted lines!
p-polarization oblique incidence reflectivity spectra ofb-GaN epi-
layers on GaAs substrates:~a! sample MG186~thickness of
epilayer50.6mm! and ~b! sample MG217 ~thickness of
epilayer50.8mm!. See text for a discussion of the marked featur

FIG. 7. ~a! Comparison of thep-polarization reflection spectra
of a b-GaN epilayer on a GaAs substrate~sample MG 107! mea-
sured at room temperature before~dotted line! and after~solid line!
cooling down to 77 K and rewarming.~b! Comparison of the
p-polarization spectra of the same sample at 77 K~solid curve! and
at 300 K ~dotted curve!. See text for a discussion of the marke
features.
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The lattice mismatch between GaN and GaP is ab
18.6% and results from electron microscopy indicate t
similar defects occur at the boundary between the subs
and the GaN epilayer23 as inb-GaN/GaAs, but no Berrema
mode associated with a boundary layer is seen in this sam
Table II shows that in the GaN/GaAs system the damp
parameter for the boundary layer found from the Berrem
mode is nearly 40% greater than the phonon damping par
eter in the good quality GaN epilayer. If we include a boun
ary layer in the model for sample MG108, with a phon
damping parameter of about 20 cm21 for the Berreman
mode, i.e., about 25% greater than for the main features
Berreman mode is seen in the calculated spectrum. It th
fore appears that the reason for the absence of the Berre
mode in theb-GaN/GaP system is just the larger phon
damping parameter.

In addition, dips in the spectra ins andp polarization are
observed below the TO frequency at around 535 cm21 for
samples MG186 and MG217, i.e., those with the thicker
ilayers~see Fig. 6, featuresF andG!. These features are du
to interference between the radiation reflected off the
surface of the GaN and that reflected off the GaN/GaAs
terface. The frequency at which interference occurs is dep
dent on the layer thickness and the phase change on re
tion at the GaN/GaAs interface.2 Sample MG107 has too thin
an epilayer for the dip to be resolved. We have used this
as a measure of layer thickness. The presence of an inte
ence dip in the spectra in this case has masked the TO
quency of the extra feature at 547 cm21 and the weak feature
at 475 cm21 belongs to a two-phonon combination ban
These features are not distinguishable in thicker sample

II. WURTZITE STRUCTURE „a-GaN…

For the wurtzite structure, experiments at 300 and 77 K
both s and p polarization have been carried out on samp
MG159, MG142 and MG348. The basic parameters for th
samples are listed in Table I. We consider these sample

FIG. 8. Comparison of thep-polarization spectra of ab-GaN
epilayer on a GaAs substrate~sample MG107, solid line! and a
b-GaN epilayer on a GaP substrate~sample MG108, dashed line! at
room temperature. The features marked byB andD, respectively,
correspond to boundary layer phonon frequencies, and that ma
by E corresponds to a two-phonon combination band in the G
substrate of sample MG107, which is absent inb-GaN/GaP. The
linewidths of the peak and dip inb-GaN/GaAs are sharper tha
those inb-GaN/GaP, and occur 1 – 2 cm21 higher in frequency.
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a-GaN/GaAs. The far-infrared properties ofa-GaN/GaP
~Ref. 2! will be compared with this system.

In this case, the GaN dielectric function has uniaxial sy
metry. Thes- andp-polarization spectra of samples MG14
and MG159, shown in Figs. 9 and 10 respectively, have
same appearance as for the cubic structure. However,
high-reflectivity feature atA in both s and p polarization
occurs around a pole in«xx at the TO frequency and the di
at C in p polarization occurs at a zero in«zz, an LO fre-
quency. Since there are no prominent features at the zer
«xx and the pole in«zz the oscillator strengths cannot b
accurately measured for these samples. For this reason
have based our modeling on the measured values ofvTO for
E'z andvLO for Eiz, together with published values for th
oscillator strengths.5 vLO' andvTOi have been calculated b
using the Lyddane-Sachs-Teller relation.24 A weak subsid-
iary peak atE corresponding to a phonon combination ba
in the GaAs substrate is also revealed in the thinner epila
~sample MG142!, Fig. 9.

In Table III, the parameters used for thea-GaN/GaAs
system at 300 K are compared with those obtained for
a-GaN/GaP system.2 We used «`'5«`i55.35 for the
wurtzite phase.25

Comparison between the spectra in the GaN region
samples MG348 and MG159, Fig. 11, shows that the pe

ed
s

FIG. 9. Experimental~solid curves! and theoretical~dotted
curves! spectra of ana-GaN epilayer on a GaAs substrate~a! in s-
and ~b! in p-polarization oblique incidence reflectivity, samp
MG142. See text for a discussion of the marked features.

FIG. 10. Experimental~solid curves! and theoretical~dotted
curves! oblique incidence reflectivity spectra of ana-GaN epilayer
on a GaAs substrate~a! in s and ~b! in p polarization, sample
MG159. FeaturesF andG as in Fig. 6.
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TABLE III. The parameters used in modeling the spectra for wurtzite GaN epilayers on GaAs~001! and~111! substrates, and GaP~111!
substrates.

Sample

vTO'

E1(TO)
(cm21)

vLO'

E1(TO)
(cm21)

g'

(cm21)

vTOi

A1(TO)
(cm21)

vLOi

A1(TO)
(cm21)

g i

(cm21)

g
~substrate
region!
(cm21)

a-GaN/GaAs~001! 560a 744b 10a 530b 740a 11a 30a

a-GaN/GaAs~111! 560a 744b 6a 530b 740a 7a 17a

a-GaN/GaP~001! 560a 744b 38a 529b 739a 65a 77a

aDerived from far infrared data.
bDerived using the oscillator strength, Ref. 5.
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and dips in the two spectra occur at the same points;
implies that, firstly, the thickness, and secondly, the TO a
LO frequencies, of GaN epilayers grown on GaAs~001! and
~111! substrates are very similar. However, the sharpnes
the features in the spectra of sample MG348, compared
those of sample MG159, indicate that the damping param
for GaN grown on a~111! GaAs substrate, i.e., samp
MG348, is significantly less than that of sample MG1
grown on a~001! GaAs substrate. Furthermore, in both thes-
and p-polarization spectra of sample MG348, a should
marked by an arrow, occurs around 544 cm21; this feature is
a second-order interference feature that is revealed in m
eling when using small damping parameters. The parame
using in modeling sample MG348 are listed in Table III.

In the wurtzite structure there is also a large misma
between thea-GaN epilayer and the GaAs substrate. A
cording to results obtained on wurtzite-structure GaN epil
ers on GaP substrates by electron microscopy there is a
fect region on top of the substrate but with a different nat
compared with that in cubic epilayers:23 the defects are, re
spectively, planar and columnar in cubic and wurtzite ph
GaN epilayers. No extra features have been seen in wurt
structure epilayers, either with a GaAs or a GaP substr
This may suggest that the presence of extra features is
pendent on the nature of the defects in the boundary la
i.e., the defect regions in the boundary layers in cubic a
wurtzite-structure epilayers have different dielectric prop
ties.

FIG. 11. Comparison of thep-polarization reflectivity spectra o
thea-GaN/GaAs system grown on substrates cut in different dir
tions; a andb refer to sample MG348 and sample MG159, resp
tively.
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As mentioned in Sec. I the feature around 535 cm21 for a
thicker epilayer, Fig. 11, arises from interference. The po
tion of this feature is sensitive to the GaN layer thickne
We have, therefore, used it as a measure of layer thicknes
before. There is an increase of about 1 – 3 cm21 for the
optical-phonon mode frequencies of GaN at 77 K.

CONCLUSIONS

In this work we have measured thes- and p-polarized
far-infrared reflectivity spectra at 45° angle of incidence a
the Raman spectra ofa-GaN andb-GaN epilayers on GaAs
The key spectroscopic results forb-GaN epilayers on GaAs
substrates are observed using both techniques. The prev2

and the present studies are complementary: we have
determined all infrared-active phonon frequencies and s
eral dielectric parameters in the different phases of GaN
ilayers deposited by MBE on GaAs and GaP substrates.
thermore, it has been established that the presence of e
features in the spectra that are associated with a Berre
mode is dependent on the presence of a defect GaN re
on top of the substrate that is created during growth. Ho
ever, the defects ina- and b-GaN epilayers have differen
dielectric properties. There is a small discrepancy betw
the phonon frequencies of GaN deposited on GaAs and
substrates that may be related to the percentage of mism
between the substrate and the epilayer. The damping pa
eters ina-GaN/~111! GaAs are much smaller than ina-GaN/
~001! GaAs. Overall, the damping parameters for GaN ep
ayers grown on a GaP substrate are extremely la
implying poorer quality samples.

In doped GaN epilayers the Brewster and Berrem
modes discussed here couple strongly to plasmons propa
ing normal to the plane of the epilayers. In a planned sub
quent paper,26 we show how analysis of these coupled mod
can be used to investigate the effective masses of elect
and holes inn- and p-type GaN epilayers parallel and no
mal to the planes of the epilayers.
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