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Thick films of GaN were studied by x-ray diffraction and Raman spectroscopy. The GaN thick films
were deposited on~0001! sapphire using ultrahigh-rate magnetron sputter epitaxy with typical
growth rates as high as 10–60mm/min. The width of the x-ray rocking curve from the~0002!
reflection for the sample produced by this technique is;300 arcsec, which is unprecedented for
GaN produced by a sputtering-type process. Our recent sample shows an x-ray rocking curve width
of 240 arcsec. Only allowed modes were observed in the polarized Raman spectra. The background
free carrier concentration is lower than 331016 cm23. The phonon lifetime of the RamanE2

(2) mode
of the sputtered GaN was comparable to that of bulk single crystal GaN grown by sublimation. The
quality of the film was uniform across the wafer. The film was thermally stable upon annealing in
N2 ambient. The x-ray and Raman analyses revealed that the sputtered GaN films are of high
crystalline quality. ©2002 American Institute of Physics.@DOI: 10.1063/1.1506781#

Recently, wide band gap III–V nitrides semiconductors
such as gallium nitride~GaN! have attracted significant at-
tention for potential optoelectronic application in the blue to
ultraviolet spectral region. The quality of GaN epitaxial lay-
ers grown by both molecular beam epitaxy~MBE! and orga-
nometallic vapor phase epitaxy~OMVPE! has been signifi-
cantly improved in recent years. However, relatively little
attention has been paid to the sputtering process as a viable
technique by which to produce high quality epitaxial films of
GaN. After pioneering work by Hovel and Cuomo,1 only a
handful of research projects has been carried out on sputter
growth of GaN.2–8 Conventionally, the sputter process has
not been portrayed as a viable method suitable for single
crystal growth of GaN. However, we have demonstrated that
high quality GaN films can be grown using sputtering. The
x-ray rocking-curve width for our sample is;300 arcsec,
which is unconventional for the GaN films deposited by
sputtering. Our recent sample shows an x-ray rocking curve
width of 240 arcsec. The smallest value reported up to now
was 620 arcsec, which was produced by Webbet al. using
magnetron sputter epitaxy.9 Note that the rocking curve
width for an OMVPE sample can be as low as 30 arcsec.10 In
the present investigation, x-ray and Raman analyses were
used to assess the optical and structural properties of GaN
thick films produced by magnetron sputter epitaxy.

The GaN layers were deposited using ultrahigh-rate dc
reactive magnetron sputter epitaxy with a target of 99.9999%

pure gallium contained in a stainless steel cup. This growth
technique is capable of growing high quality GaN layers on
large area substrates~up to 4 in.! through the use of a large
area Ga target~6 in.! at growth rates as high as 10–60mm/
min. The deposition chamber was pumped to a pressure of
131026 Torr and backfilled with a gas mixture of argon and
nitrogen. The gas ratios and flows were controlled by mass
flow controllers with combined flow rate of around 75 sccm.
The GaN layers were deposited on single crystal~0001! sap-
phire substrates~2 in.! that were heated using a graphite
filament up to 1200 °C. The layers were grown under various
conditions of sputtering atmosphere and substrate tempera-
ture. X-ray rocking curve measurement was performed using
the Bede 200 double crystal x-ray diffractometer. The x-ray
pole figure and x-rayf scan were obtained using a Bruker
x-ray diffractometer. Raman spectroscopy was performed at
room temperature using backscattering geometry with the
514.5 nm ~2.41 eV! line of an Ar ion laser and an ISA
U-1000 scanning double monochromator to disperse the
Stokes Raman scattering spectra.

Figure 1~a! shows an x-ray~0002! rocking curve for
GaN films on ~0001! sapphire deposited by ultrahigh-rate
magnetron sputter epitaxy. The full width at half maximum
~FWHM! of the ~0002! rocking curve for the sample which
was used for this study is;300 arcsec. Pole figure analysis
@inset in Fig. 1~a!# and x-rayf scan@Fig. 1~b!# unambigu-
ously reveal the sixfold symmetry of the hexagonal crystal.
Table I summarizes the physical properties of the GaN thick
films produced by sputtering.a!Author to whom correspondence should be addressed; electronic mail:

m–park@ncsu.edu
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Hexagonal GaN has a wurtzite structure withC6v
4 space

group. Group theory predictsA1(z)12B11E1(x,y)12E2

optical modes at theG point of the Brillouin zone of GaN,11

where the twoE2 modes are Raman active, theA1 and E1

modes are both Raman and IR active, and the twoB1 modes
are silent. Since theA1 and E1 modes are polar, they split
into longitudinal optical~LO! and transverse optical~TO!
components. According to the Raman selection rule, only the
E2

(1) , E2
(2) , and A1(LO) modes should be observed in the

z(x,2)zI scattering geometry of our experiment. Figure 2
shows a Raman spectrum of GaN deposited on sapphire,
where only the allowed Raman modes were observed. Since
the GaN is transparent to 514.5 nm, theEg mode of sapphire
was also observed at 750 cm21.

In polar semiconductors, a LO phonon couples strongly
to a plasmon through the macroscopic electric field.12 The
coupling between plasma and the LO phonon produces two
coupled LO phonon-plasmon~LPP! modes,v1 (LPP1) and
v2(LPP2).13 In GaN, where plasmon damping is signifi-
cant, the coupling will be displayed as a shift of LO phonon
mode. The plasma frequency can be deduced by fitting the
coupled A1 ~LO! phonon-plasmon peak to the following
expression,14

I A5const•A~v!• Im$2«~v!21%, ~1!

wherev is the Raman shift,«~v! is the dielectric function,
andA(v) is related to deformation potential and the electro-
optic mechanism. The plasma frequency (vp) can be ob-
tained by line shape analysis of the coupled mode. Finally,
the free carrier concentration~n! can be calculated using

vp5S 4pne2

«`m* D 1/2

, ~2!

wheren is the free carrier concentration andm* is the effec-
tive mass of the free carrier. The inset in Fig. 2 shows the
high resolution Raman spectrum of the coupledA1 ~LO!-
plasmon mode. The spectrum of sapphire was removed by
collecting a Raman spectrum from the backside of the
sample, followed by spectral subtraction. Plasma frequency
of vp550.6 cm21 was obtained by fitting the spectrum with
Eq. ~1!. Using Eq.~2!, the calculated free carrier concentra-
tion ~n! of the GaN is,331016 cm23. This value is con-
sidered maximum since this method will produce the same
value of free carrier concentration even though the free car-
rier concentration is lower than this.

Figure 3 shows Raman spectra ofE2 mode as a function
of the spectrometer slit width. The plot of FWHM versus the
spectrometer slit width is shown in the inset in Fig. 3. The
so-called zero-slit width of 3.4 cm21 was determined using
the method used by Bergmanet al.15 By using the uncer-
tainty relation,

DE•t;\, ~3!

the phonon lifetime of the sputtered GaN can be calculated.16

The phonon lifetime of the sputtered GaN~1.6 ps! is com-
parable to that of single crystal GaN grown by sublimation
~1.4 ps!.15 It should be noted that the x-ray rocking curve

FIG. 1. ~a! X-ray rocking curve from~0002! reflection. The inset shows the
x-ray pole figure.~b! X-ray f scan of the sputtered GaN.

TABLE I. Summary of the physical properties of GaN produced by mag-
netron sputter epitaxy.

This work Other worka

FWHM of the rocking curve 300 arcsecb 3600 arcsecc

2196 arcsecd

620 arcsece

FWHM of the RamanE2
(2) peak 4.8 cm21 9 cm21 f

FWHM of the RamanA1 ~LO! peak 8.8 cm21 12 cm21 g

Phonon lifetime (E2
(2)) 1.6 ps 1.4 psh

~sublimation!
Phonon lifetime@A1 ~LO!# 0.7 ps
Free carrier concentration ,331016 cm23

Biaxial residual stress ;0.26 GPa

aThe values are for the sputtered samples unless specified.
bReference 19.
cReference 5.
dReference 3.
eReference 9
fReference 3.
gReference 3.
hReference 15.

FIG. 2. Raman spectrum of sputtered GaN. The inset shows the high reso-
lution Raman spectrum ofA1 ~LO! mode.
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width and Raman peak width~phonon lifetime! are not nec-
essarily determined by the same defect structure.

Kisielowski et al. found that biaxial stress of 1 GPa
shifts theE2

(2) Raman peak of GaN 4.260.3 cm21.17 Based
on this formula and on the Raman peak position, it was de-
termined that our thick films are under compressive residual
stress of;0.26 GPa.~The peak position ofE2

(2) mode for
stress-free bulk GaN used for this calculation is 567.9 cm21

at room temperature.18!
Figure 4~a! shows the x-ray rocking curve width and

FWHM of the RamanE2
(2) peak for different regions of GaN

thick films deposited on a 2 in. sapphire wafer. No significant
change in x-ray rocking curve width or FWHM of the Ra-
man peak was observed. Therefore, it can be concluded that
the quality of the film was uniform across the wafer.

The sample was annealed under N2 atmosphere sequen-
tially from 700 to 1000 °C for 30 min each, and its effect on
structural properties was investigated by Raman spectros-
copy. The forbidden mode was not observed in the Raman
spectrum for the annealed sample. No substantial change in
peak position and FWHM of RamanE2

(2) mode was ob-
served@Fig. 4~b!#, which indicates that the films are ther-
mally stable under N2 at that temperature range.

In summary, thick films of sputtered GaN were studied
by x-ray diffraction and Raman spectroscopy. The FWHM of
the x-ray rocking curve for our sample is;300 arcsec,
which is the smallest value of GaN produced by a sputtering
type process. Only the allowed modes were observed in the
polarized Raman spectra. The background free carrier con-
centration was lower than 331016 cm23. The phonon life-
time of the RamanE2

(2) mode of the sputtered GaN was
comparable to that of the bulk single crystal GaN grown by
sublimation. The quality of the film was uniform across the
wafer. The film was thermally stable upon annealing in N2

ambient. The x-ray and Raman analyses revealed that the
sputtered GaN films are of high crystalline quality.
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FIG. 3. Raman spectrum ofE2
(2) mode as a function of the monochromator

slit size. The inset shows a plot of the FWHM ofE2
(2) mode vs the slit size.

FIG. 4. ~a! X-ray rocking curve width and FWHM ofE2
(2) mode collected

from different regions of the GaN film.~b! Peak position and FWHM ofE2
(2)

mode as a function of the N2 annealing temperature.
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