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Optical properties of GaN grown on Si „111… by gas source molecular beam
epitaxy with ammonia
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We report a study of the optical properties of GaN grown on Si~111! by gas source molecular beam
epitaxy with ammonia. Temperature dependence of edge luminescence was studied in the range of
77–495 K for samples with low background carrier concentrations, as determined by capacitance
voltage profiling and Raman spectroscopy, and the results were fitted using Passler’s and Varshni’s
models. We also demonstrate strong correlation between electron concentration in GaN and relative
Raman intensity ofA1 ~longitudinal optical! andE2

2 modes. The binding energy of free excitons is
estimated to be 2962 meV. The contributions of different mechanisms to free exciton line
broadening are discussed. ©2002 American Institute of Physics.@DOI: 10.1063/1.1430535#
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INTRODUCTION

Silicon is a very attractive substrate for the growth
gallium nitride due to advantages such as low cost, w
developed postgrowth processes, high thermal conducti
and large diameter of available wafers.1 Nitride-based device
structures grown on silicon by molecular beam epita
~MBE! have been recently demonstrated.2–8 Using gas
source MBE~GSMBE! with ammonia, nitride layers can b
grown at high temperatures,9,10required to achieve device
quality optical and electrical properties.11

GSMBE can be used to grow high quality AlN12,13 and
GaN14–16 on Si~111!. High growth temperature for AlN
combined with carefully controlled formation of the Si
N–Al interface layer16 at the onset of epitaxy, result in ver
rapid transition to two-dimensional growth mode of AlN an
the subsequent GaN. Additional short period blocking sup
lattices~SLs! of AlGaN/GaN and GaN spacers reduce dis
cation propagation to the upper GaN layer.17 They also sta-
bilize residual tensile stress level and the resulting layers
free of cracks.14 All GaN layers studied here were grown at
temperature of 1050620 K and growth rates of 0.4–1.
mm/h. Formation of a (232) surface structure, characterist
of two-dimensional growth, could be seen after deposition
20–100 nm of GaN. The total thickness of the GaN samp
varied from 0.4 to 2.5mm. Details of the growth can be
found elsewhere.12,14,16,17

While the structural perfection of nitride layers grown b
GSMBE on Si~111! is by now well established,17,18 the opti-
cal properties, such as temperature dependence of the
gap and the contribution of different mechanisms to free
citon line broadening are not well known.
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In this article we describe optical studies of high qual
GaN layers grown on Si~111! by GSMBE with ammonia. For
this investigation we select samples with low backgrou
carrier concentration. Since the background electron conc
tration varies from low 1016 to high 1018 cm23, depending
on growth conditions, careful sample selection is needed
distinguish intrinsic optical properties. When nitride laye
are grown on Si substrates, which are conducting, dete
nation of their carrier levels is not simple.19 We use a com-
bination of capacitance–voltage profiling, with mercury a
gold Schottky barriers, and Raman spectroscopy for sam
selection. Optical properties of samples with the backgrou
electron concentration of;(1 – 5)31016 cm23 were inves-
tigated by photoluminescence~PL! excited by a 2 kW pulse
~10 ns, 100 Hz! nitrogen laser operating at a wavelength
337.1 nm. Sample temperature was varied from 77 to 495

Raman measurements were made at room tempera
using 488.0 nm laser excitation. Spectra were collected
direct backscatteringz(y,y) z̄ polarization configuration us
ing a Raman microprobe.20 We find that Raman measure
ments can be used to estimate free carrier concentration.
technique has the advantage of being rapid and contact
Figure 1 shows a series of Raman spectra taken from Ga
samples having different free-carrier concentrationsn due to
the growth under stoichiometric and nonstoichiomet
conditions.21 Spectrum 1 is that of a sample grown at st
ichiometric conditions and growth rate of 0.57mm/h. This
growth rate was found to result in the lowest backgrou
level. The narrowE2

2 phonon, at 565 cm21, dominated all
spectra. A weaker band was observed near 733 cm21. At low
n this peak is related to theA1 longitudinal optical~LO!
phonon. As the free-carrier concentration increases~spec-
trum 2 and 3!, this band shows reduced intensity, and exh
its a broader, asymmetric shoulder at higher energy.

LO phonons in polar semiconductors interact with fre
carrier plasmas to produce mixed LO phonon–plasm
bands, usually denoted byL2 andL1.22 The L1 appears at
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the A1(LO) phonon frequency at low carrier concentration
and blueshifts with increasingn. We used the well-known
model applied to GaN in Ref. 23 to determine the carr
concentration in our GaN samples based on theL1 energy
and line shape. The filled circles of Fig. 2 compare the val
of n determined from analyzing theL1 band with those ob-
tained from Capacitance-Voltage (C–V) measurements. Th
agreement is excellent. However, the analysis fails at c
centrations below 431016 cm23 because theL1 becomes
indistinguishable from theA1(LO) phonon.

The presence of theA1(LO) phonon band, which should
not appear due to the interaction with free-carrier plasm
can be attributed to the existence of a near-surface deple
region.24 Since the scattering intensity of the residu
A1(LO) is proportional to the width of the depletion regio
it decreases with increasingn. Assuming that theE2

2 phonon
intensity is directly proportional to the total epilayer thic
nessd of the transparent GaN layer, we can use this inten
as an internal standard provided we normalize it byd. When
normalized this way, the relative intensityI rel5I (A1)/

FIG. 1. Room temperature Raman spectra of GaN with different ba
ground electron concentrations. The spectra are normalized to the samE2

2

intensity. ~1! GaN grown under stoichiometric conditions and optim
growth rate of;0.57 mm/h; n51.331016 cm23; ~2! GaN grown under
stoichiometric conditions and high growth rate of;0.9 mm/h; n51.5
31017 cm23; and ~3! GaN grown under Ga-rich condition and growth ra
of ;0.5mm/h; n51.031018 cm23.

FIG. 2. Correlation between electron concentration, obtained fromC–V
measurements, and relative Raman intensity~open circles!, and from analy-
sis of the phonon–plasmon coupled mode~filled circles!. I REL is the relative
intensity of theA1 ~LO! phonon band to that of theE2 phonon normalized
to the layer thickness. With this calibration curve we estimate carrier c
centration using a polynomial fit log(n)516.0– 2.6a20.735a2.
Downloaded 15 Aug 2005 to 129.118.86.78. Redistribution subject to AIP
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(I (E2)/d) should be proportional to the width of the depl
tion region. The open circles of Fig. 2 show the depende
of the relative intensity onn determined byC–V. The poly-
nomial fitting of this dependence yields: log(n)516.022.6a
20.735a2, wherea5 log(Irel). The dependence is not simp
at high carrier concentrations, because the Fermi level ca
influenced by surface states present, for example, due to
dation. From our analysis, relative intensity can be used a
rapid means for estimating free-carrier concentrations in
itaxial ~less than 8mm thick! n-type GaN without the depo
sition of contacts. The calibration in Fig. 2 is valid for 48
nm excitation andz(y,y) z̄ polarization configuration. The
calibration changes with either a different laser wavelen
or polarization condition. The Raman measurements w
used to identify suitable samples for PL study. Narrow lin
width of theE2

2 phonon demonstrated high sample quality
all cases, and theE2

2 energy allowed us to determine th
stress. The stress was found to be<0.3 GPa and independen
of epilayer thickness when an AlN buffer layer, followed b
a series of short-period SLs separated by GaN spacers,14 was
used.

The room temperature PL spectrum of the best G
samples shows a free exciton~FE! peak at 3.408 eV with full
width half maximum ~FWHM! of less than 40 meV and
weak ‘‘yellow’’ luminescence at;2.2 eV. We did not find
strong dependence of either the exciton peak or ‘‘yello
luminescence intensity on the number of blocking SL a
GaN spacer layers. PL spectra taken at different temperat
in the range from 77 to 495 K are presented in Fig. 3.
elevated temperatures (T.100 K) the PL spectra are dom
nated by the FE recombination.25,26 At temperatures below
100 K bound exciton-related optical transitions contribute
the edge peak spectral contour.25

Integrated PL emission intensityI of the FE band versus
temperature is presented in Fig. 4~a!. The intensity of FE
transition decreases with increased temperature due to
mal activation, and can be described by

I ~T!5I 0/@11exp~2Ea /kT!#, ~1!

where we assume the same activation energy forA(n51)
and B(n51) excitons.27 The fitted value of the activation
energyEa is 2962 meV, in agreement with published da
for A-exciton binding energy.28,29 Some deviation of experi-
mental I (T) dependence from the exponential law at hi

-

-

FIG. 3. PL spectra of GaN/Si~111! taken as a function of temperature.
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temperatures (T.450 K) can be explained by nonradiativ
recombination processes. The value obtained forEa can be
used to estimate the band gap of GaN as the sum of the
energy plus the value ofEa (Eg5EFE1Ea). The main
mechanisms of the temperature induced gap shrinkage
~i! a change of lattice parameters~this also occurs when pres
sure is applied to a crystal! and ~ii ! the electron–phonon
interaction. According to Ref. 30 the first mechanism co
tributes about 14% of the totalEg shrinkage in bulk GaN.
Thus, the second mechanism is dominant. The tempera
dependence of the band gap is presented in Fig. 4~b!. The
solid line ~1! represents the best fit to Passler’s mode31

Eg(T)5Eg(0)2(aQ/2) $@11(2T/Q)p#1/p21%, where
Eg(0)53.495 eV is the band gap atT50 K, a
50.53 meV/K is the gap shrinkage coefficient,Q;400 K is
the effective phonon temperature, andp52.6. Herep5n
11 is the power coefficient from the power law electron
phonon spectral functionf («)5(na/k)(«/«0)n and «[hv
is phonon energy.

At temperatures higher thanQ (T@Q) the electron–
phonon interaction mechanism is approximately linear.
low temperatures (T!Q) this mechanism is very weak. Ac
cording to Ref. 31, the effective phonon temperatures
group IV, III–V, and II–VI materials are nearly proportiona
to the respective Debye temperatures (QD): Q;(2/3)QD .
The fitted value ofQ5400 K is in good agreement with thi
relation and the knownQD;600 K.32 Varshni’s33 approxi-

FIG. 4. Temperature dependences of intensity of exiton peak, band
energy, and FWHM of exiton peak:~a! the temperature dependence of t
integrated PL intensity of the FE peak:~squares! experiment;~curves! cal-
culations for different activation energies in Eq.~1! ~from 19 to 37 meV!.
The best fit corresponds toEa52962 meV; ~b! the experimental tempera
ture dependence of the band gap energy~shown by circles!. Line ~1!
Passler’s model fit for parameters listed in the text;~2! Varshni’s model fit;
~3! GaN layer~under tension! grown by MOCVD on SiC~data recalculated
from Ref. 34!; ~4! Strain free bulk GaN grown by HVPE~Ref. 35!. ~c! The
temperature dependence of FWHM of the exciton-related PL peak,~squares!
experiment,~curve! best fit of Eq.~2!.
Downloaded 15 Aug 2005 to 129.118.86.78. Redistribution subject to AIP
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mation@Fig. 4~b!, curve 2# for the band gap energy shrinkag
(Eg(T)5Eg(0)2gT2/(T1b)) gives the following param-
eters:g50.77 meV/K, b5600 K. Hereg represents theT
→` limit of 2dEg(T)/dT, andb is comparable to the De
bye temperatureQD . The fitted parameters are in goo
agreement with those found previously for GaN laye
grown on SiC and sapphire substrates~see Table I!.

The temperature dependence of the band gap energy
GaN layer grown by metalorganic chemical vapor deposit
on 6H–SiC substrate34 and of a stress-free bulk GaN cryst
grown by HVPE35 are also presented in Fig. 4~b! as lines 3
and 4, respectively. GaN grown on Si lies closer to the stre
free GaN than does the GaN grown on SiC. We attribute
to lower stress. Stress of;0.5–1 GPa arises in GaN/SiC
primarily due to differences in thermal expansion coe
cients of GaN and SiC and high growth temperature.
estimate the tensile stresses in our GaN/Si samples to b
the range 0.08–0.3 GPa, which is in good agreement w
our Raman measurements.14

The temperature dependence of the FWHM of the
recombination peak is presented in Fig. 4~c!. At low tem-
perature the dependence is linear. At higher temperat
~above 200 K! a deviation from the linear dependence
observed. The FE linewidth can be described by36

G1/25G I1Gac1Gopt, ~2!

whereG I is the inhomogeneous linewidth due to defects a
strain,Gac is the contribution from acoustic phonon scatte
ing of the excitons (Gac5sT), and Gopt is due to exciton
scattering by LO phonons. The effect of exciton scatter
can be described byGopt5n/@exp(ELO /kT)21#.37 The best
fit of Eq. ~2! to our data is shown in the inset of Fig. 4, an
the parameters used are listed in Table II. The results of
analysis are in good agreement with those reported in R
36. However, their linewidthG1 is smaller, possibly due to
lower defect concentration or lower inhomogeneous stre

In conclusion, the GaN/Si material grown by GSMB
with ammonia14 exhibits low stress. The temperature depe
dence of the band gap is close to that of stress free bulk G
crystals and well described by Passler’s and Varshni’s m
els. We studied the contributions of different mechanisms
the FE line broadening. At low temperatures of;100–300 K

ap

TABLE I. Parameters used to fit Varshni’s equation:Eg(T)5Eg(0)
2gT2/(T1b).

Sample type g ~meV/K! b ~K! Ref.

GaN/Si~111! 0.77 600 This work
GaN/sapphire 0.72 600 38
GaN/sapphire 0.939 772 30

Bulk GaN crystal 0.74 600 34
Bulk GaN crystal 1.08 745 30

TABLE II. Parameters used to fit Eq.~2!.

G I ~meV! s ~meV/K! n ~meV! Reference

11.5 0.035 100 This work
2 0.018 210 36
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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the dominant line broadening mechanism is the inhomo
neous line broadening due to defects and inhomogene
stress, while at high temperature above 400 K the domin
line broadening mechanism is the effect of exciton scatte
with LO phonons. We show strong correlation between el
tron concentration in GaN, obtained fromC–V measure-
ments and relative Raman intensity ofA1(LO) andE2

2 modes
of GaN.

ACKNOWLEDGMENTS

The authors would like to acknowledge discussions w
Dr. Vladimir Dmitriev. Work at TTU is supported by
DARPA, NSF~Grant No. ECS-0070240!, CRDF ~Grant No.
RE1-2217!, NATO Science for Peace Program~Grant No.
SfP-974505!, and J. F. Maddox Foundation.

1E. S. Hellman, D. N. E. Buchanan, and C. H. Chen, MRS Interne
Nitride Semicond. Res.3, 43 ~1998!.

2O. Aktas, W. Kim, Z. Fan, A. Botchkarev, A. Salvador, S. N. Mohamma
B. Sverdlov, and H. Morkoc¸, Electron. Lett.31, 1389~1995!.

3R. J. Molnar, R. Singh, and T. Moustakas, Appl. Phys. Lett.66, 268
~1995!.

4N. Grandjean, J. Massies, M. Leroux, and P. Lorenzini, Appl. Phys. L
72, 82 ~1998!.

5S. Guha and N. A. Bojarzuk, Appl. Phys. Lett.72, 415 ~1998!.
6I. P. Smorchkovaet al., Appl. Phys. Lett.76, 718 ~2000!.
7M. A. Sánchez-Garcı´a, F. B. Narajo, J. L. Pau, A. Jimenez, E. Calleja, a
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