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The depth-profiled carrier concentration and scattering mechanism
in undoped GaN film grown on sapphire

Y. Huang, X. D. Chen, S. Fung,a) C. D. Beling, C. C. Ling, Z. F. Wei, S. J. Xu,
and C. Y. Zhi
Department of Physics, The University of Hong Kong, Pokfulam Road, Hong Kong,
People’s Republic of China

~Received 19 December 2003; accepted 28 April 2004!

Temperature-dependent Hall~TDH! measurements and confocal micro-Raman spectroscopy have
been used to study the free carrier spatial distribution and scattering mechanism in unintentionally
doped GaN film grown on the sapphire substrate with the method of metalorganic chemical vapor
deposition. Both the TDH data and the depth-profiled Raman spectra agreed with the existence of
a nonuniform spatial distribution of free carriers in the GaN film with a highly conductive layer of
;1 mm thickness near the GaN sapphire boundary. With the consideration of this parallel
conduction channel adjacent to GaN sapphire boundary, detailed analysis of the TDH mobility data
suggests that a relatively high concentration of nitrogen vacancies exists and nitrogen vacancy
scattering has an important influence on limiting the electron mobility in the bulk film of the present
GaN sample. ©2004 American Institute of Physics.@DOI: 10.1063/1.1763235#
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I. INTRODUCTION

GaN has attracted considerable research interest bec
of its potential applications including blue/ultraviolet ligh
emitting devices, ultraviolet detectors,1,2 high-speed, high-
temperature field-effect transistors, and high electron mo
ity transistors.3–5 GaN is desirable for high-power, high
speed electronic applications due to its higher breakdo
field and larger saturation velocity than GaAs, and also
excellent ballistic conduction under a high electric fie
~.100 kV/cm!.6 Understanding the electronic transport pro
erties of GaN such as Hall carrier mobility and scatter
mechanism is therefore of high importance. Unfortunat
such studies are complicated by the poor structural qualit
GaN films arising from lattice-mismatched heteroepita
~13.8% for sapphire! and the existence of additional parall
conducting channels in the material, such as through im
rity bands, interfacial regions, or grain boundaries.

High quality GaN epilayers have been grown on sa
phire substrates by introducing a low-temperature gro
AlN or a GaN buffer layer.7–9 This results in the transpor
properties of GaN epilayer being shunted by a disloca
interface region with highly conductive properties. A tw
layer model, which involves a thin degenerate interfac
layer and the GaN bulk layer, was constructed by Look a
Molnar to successfully explain the Hall data although t
two-layer model has relied on some assumptions.10 Using
different scanning probe microscopic techniques, Hsuet al.11

directly observed an interfacial region at the GaN/sapph
boundary having an electron concentration at least an o
of magnitude higher than that of the less-conducting b
film. Evidence for such a degenerate interfacial layer a
comes from the depth-profiled temperature-dependent
experiments performed by Mavroidiset al.12 Excess oxygen

a!Electronic mail: sfung@hkucc.hku.hk
1120021-8979/2004/96(2)/1120/7/$22.00
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atoms diffusing from the sapphire substrate and defec
microstructure have been suggested to be responsible fo
high electron concentration in the interfacial layer.13–16

Raman spectroscopy is not only a dominant method
studying phonons, but also provides a contactless and n
destructive method for determining carrier concentration a
mobility. In Raman spectroscopic studies of GaN materia
strong couplings between the longitudinal optical~LO! pho-
non and the free carrier plasma were observed.17,18 The LO
phonon-plasmon coupling has the effects of shifting the
phonon peak to high-frequency side and broadening the
shape.17,18 With this principle, Ponceet al.19 demonstrated
how Raman spectroscopy can be used to probe the sp
variation of carrier concentration in Si doped GaN.

In the present work, depth-profiled confocal micr
Raman spectroscopy was used to study the depth distribu
of the carrier density across the GaN film grown on the s
phire substrate. Temperature-dependent Hall~TDH! mea-
surements conducted on the same sample were fitted by
two-layer model, in which the first layer is the bulk film an
the second one is the degenerate conductive layer. Re
from both techniques agree with the two-layer model and
carrier concentrations of the two layers~i.e., GaN bulk layer
and interfacial layer! derived from the two techniques coin
cide well with each other. With considering the highly co
ductive interfacial layer, analysis of the temperatu
dependent mobility in the bulk layer incorporating th
influence of various scattering processes reveals an impo
contribution coming from nitrogen vacancy scattering.

II. EXPERIMENT

The samples used in the present work were unintent
ally doped GaN film grown on c-plane sapphire using a
monia (NH3) and trimethylgallium~TMG! as precursor by
metal organic chemical vapor deposition~MOCVD!. The
0 © 2004 American Institute of Physics

 license or copyright, see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.1763235


m
r

th

o
e
h

Å
g
s
ng
c
0

ll

n
0M
an
n

en
m
f
fo
e

1
ra

o
it

a

ntra-

ents
For

can

nd
-

era-

ra-
nnel
n
ate

he
ell
data.
he

x-
e
he
aN

he
ire

is
ak
r
the

en

ll of

n

1121J. Appl. Phys., Vol. 96, No. 2, 15 July 2004 Huang et al.
sapphire substrate was first heated to 1050 °C in a strea
hydrogen. A;300 Å thick unintentionally doped GaN buffe
layer was grown at low temperature~520 °C!. Then the sys-
tem was heated to 1050 °C and kept for 15 min to anneal
buffer layer. The GaN layer with the thickness of 5mm was
grown at a temperature of 1050 °C. The typical mole ratio
NH3 and TMG was V/III;2500 during the deposition. Mor
details of the growth procedure can be found in Ref. 20. T
samples were cut into square van der Pauw geometry~838
mm2!. Ohmic contacts were fabricated by evaporating 800
Al film onto the GaN epilayer followed by thermal annealin
at 750 °C for 2 min under N2 ambient. Good ohmic contact
were verified over the whole measured temperature ra
Temperature-dependent Hall effect measurements were
ried out in darkness between the temperatures of 4 and 32
in a magnetic field of 0.5 T using a BIO-RAD HL5580 Ha
effect system.

Confocal micro-Raman spectroscopic measureme
were carried out by the system consisting of a Spex 75
monochromator with 1800 lines/mm single grating,
Olympus DX40 microscope, a Princeton Spectrum O
charge-coupled device detector cooled with liquid nitrog
and a notch filter. The Raman measurements were perfor
in back-scatteringZ(X,2)Z̄ geometry. The 488 nm line o
an Ar1 laser operating at a power of 200 mW was used
the light source. The laser beam was focused to a spot siz
about 1mm with the use of a 1003 objective lens and thus
the spatial resolutions in thex, y, andz directions is of the
order of;1 mm. The instrumental spectral resolution was
cm21. All the Raman spectra were taken at room tempe
ture.

The GaN sample was also etched in H3PO4 at 160 °C for
15 min to study the dislocation density. The surface morph
ogy was subsequently analyzed using a typing mode Dig
Instrument III atomic force microscopy~AFM!.

III. RESULTS AND DISCUSSION

The carrier concentrationnH and the Hall mobilitymH

measured as a function of temperature for the present G
sample are shown in Figs. 1~a! and 2~a!, respectively. As

FIG. 1. Temperature dependence of~a! measured electron concentratio
nH . ~b! Derived electron concentrationnH of GaN bulk film.
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may be seen, the temperature-independent carrier conce
tion and mobility are observed at low temperature~,20 K!.
Because of parallel conduction effects, these measurem
do not accurately represent the GaN epilayer properties.
two parallel conduction paths, the carrier concentration
be written as21

nH5~nH1mH11nH2mH2!2/~nH1mH1
2 1nH2mH2

2 !, ~1!

where,nH1 and mH1 represent the carrier concentration a
mobility, respectively, in the GaN bulk film, whose contribu
tion to conduction becomes more significant as the temp
ture increases, andnH2 and mH2 are associated with a low
mobility, metallic channel, which dominates at low tempe
ture. The approach to extract the parameters of each cha
from Eq. ~1! is to identify the metallic channel either as a
impurity band,22 or as a degenerate layer at GaN/substr
interface, i.e., two-layer model10 in terms of the energetic
and spatial distribution of mobile carriers, respectively. In t
following paragraph, we find the two-layer model can w
describe the TDH data and the depth dependent Raman

According to the Raman selection rule and for t
Z(X,2)Z̄ configuration used in the present study,A1(LO),
E2 ~low!, and E2 ~high! modes of hexagonal GaN are e
pected to be observed in the Raman spectra. However, thE2

~low! mode is not within the covered spectral range of t
present observations made. Micro-Raman spectra of the G
film at different depth positions are shown in Fig. 3. T
parameter ‘‘D’’ is the distance between the GaN sapph
boundary and the position at which the Raman spectrum
taken. All spectra are normalized in intensity by the pe
height of theE2 ~high! mode, and are shifted vertically fo
easy comparison. A typical Raman spectrum taken at
surface of the GaN film~i.e., D55 mm) is shown in Fig.
3~a!. The dominant lines are theE2 ~high! ~570 cm21! and
A1(LO) ~735 cm21! modes. For the Raman spectrum tak
at the interfacial regionD51 mm away from the GaN/
sapphire boundary as shown in Fig. 3~d!, theEg ~750 cm21!
mode due to the sapphire substrate is also observed. A

FIG. 2. Temperature dependence of~a! measured electron mobilitymH . ~b!
Derived electron mobilitymH1 of GaN bulk film.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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these Raman signals observed are, in general, agree
with the previous reported Raman modes of epitaxial G
films.23–27

It is known that the line position of theE2 mode of GaN
shifts significantly with the presence ofsxx stress in the
film.28 It is interesting to note in Fig. 1, the peak positions
the E2 ~high! mode were found to be constant at 57060.5
cm21 for all the Raman spectra taken at different dept
Using the Raman peak position of theE2 mode of a free-
standing bulk GaN sample~568 cm21! ~Ref. 29! and the
formulaDv56.2s ~whereDv is the frequency shift in cm21

units ands is the biaxial stress in GPa units!,30 the compres-
sion stress of the present GaN film is found to be 0.32 G
The most likely explanation is that most of the strain cau
by the lattice and the thermal-expansion mismatches is
laxed by the formation of dislocations close to the substra
film interface.31,32 Complete relaxation requires misfit dislo
cations at an average distance of 2.0 nm. However
dislocations formed at the GaN sapphire interface are c
tered, leaving some residual strain remained in the epila
and resulting in some constant residual strain when the e
ayer is thicker than;1 mm.

The intensity and peak position of theA1(LO) mode of
the present GaN sample taken at the GaN surface are i
tical to those at the depth ofD>2 mm away from the GaN/
sapphire boundary. However, theA1(LO) mode of the spec-
trum taken at the 1mm interfacial region becomes mor
asymmetric and broadened with its peak position shift
~;3 cm21! to higher frequency as compared to those tak
within the GaN bulk film, indicating a significant amount o
coupling between theA1(LO) phonon and the heavily
damped plasmon. This result is consistent with previou
reported Raman studies on heavily doped n-type G
materials,17,33,34 as well as those observed in SiC a
GaP,35,36 for which the high-frequency branch of the L
phonon-plasmon coupled mode shifts slightly to the hig
frequency side with accompanying peak shape broadenin
the carrier concentration increases.

FIG. 3. Room temperature depth-profiled micro-Raman spectra of unin
tionally doped GaN film grown on sapphire substrate. The parameterD’’
denotes the distance away from the GaN/sapphire boundary. The spect
normalized by the peak intensity of theE2 ~high! phonon mode and shifted
vertically for comparison. The dotted lines are guide to the eye.
Downloaded 08 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
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It should be noted thatA1(LO) peak also shifts due to
stress. It was reported that a biaxial compressive stress
GPa will shift theA1(LO) peak toward a higher wave num
ber by 0.8 cm21.37 As was stated in the previous discussio
the GaN film in the present study has a compressive st
about 0.32 GPa when the epilayer is thicker than 1mm. This
stress is expected to shift the phonon frequency of
A1(LO) mode upwards by;0.25 cm21, an amount which is
negligible compared to the observedA1(LO) mode shift of
;3 cm21 found at the interfacial region. The effect of stre
can thus safely be disregarded if the free carrier concen
tion determination is estimated from the phonon-plasm
coupling mode. In this case, the carrier density n and the d
mobility m can be evaluated by a line-shape fitting analy
based on the semiclassical model which involves the con
eration of the deformation potential and the electro-opti
mechanisms. The line shape of the LO phonon is giv
by35,36,38

I ~v!5SA~v!Im@21/e~v!#, ~2!

whereS is a proportionality factor,

A~v!5112CvT
2bvP

2g~vT
22v2!2v2G~v22g22vP

2 !c/
D1~C2vT

4/D!bvP
2 $g~vL

22vT
2!1G~vP

2 22v2!%

1v2G~v21g2!c/~vL
22vT

2!, ~3!

D being given by

D5vp
2g b~vT

22v2!21~vG!2c1v2G~vL
22vT

2!

3~v21g2!, ~4!

and

e~v!5e`$11~vL
22vT

2!/~vT
22v22 ivG!

2vP
2 /~v22 ivg!%, ~5!

wherevL andvT are the longitudinal and transverse optic
phonon frequencies,g is the plasmon damping constant,G is
the phonon damping constant,vP is the plasmon frequency
and C is the Faust-Henry coefficient for hexagon
GaN.17,39–41

As can be seen in Fig. 3~d!, the Eg mode due to the
sapphire substrate is also observed and superimposed
the A1(LO) peak. We can remove the sapphireEg mode by
spectral subtraction. The observed line shapes ofA1(LO)
coupled modes measured at the interfacial region~i.e., D
51 mm) and the bulk film~i.e., D55 mm) were fitted ac-
cording to Eqs.~1!–~4!, with vT , vL , andC being fixed at
the literature values ofvT5533 cm21, vL5735 cm21, and
C50.48.41 For the case of GaN, values ofe`55.35 and
m* 50.2m0 were also taken.42 G, g, andvP were treated as
fitting parameters. The carrier densityn as well as the mo-
bility m were then deduced from the relationvP

5$4pne2/(e`m* )%1/2 and r 5(3p/8)(e/m* m), respec-
tively. The fitted curves~solid lines! and also the experimen
tal data~broken lines! of the spectra taken at the surface a
those at the interfacial region are shown in Fig. 4. Values
the fitting parameters, the derived carrier densityn and the
derived mobilitym are shown in Table I. The electron con

n-
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centration and the mobility at the bulk film were found to
n51.531017cm21, m5310 cm2/V s. These results clearly
confirm, in accordance with previous works,13,14,43that there
is a 1mm width highly conductive and defective interfaci
region adjacent to the GaN/sapphire boundary having
electron concentration and the mobility ofn58
31018cm23 andm545 cm2/V s respectively.

The presence of the interfacial region with high carr
concentration suggests employing the two-layer model p
posed by Look and Molnar10 to provide a realistic descrip
tion of the present sample. In this two-layer model, layer
taken as the GaN bulk film having a low carrier concent
tion and high mobility, and layer II is taken as the degener
interfacial layer. The real electron concentrationnH and the
real mobility mH1 of the bulk film can be expressed as
function of the measured concentrationnH , the measured
mobility mH the interfacial layer thicknessd, the Hall param-
eters of the interfacial layer (nH2 and mH2) and nshH2 the
sheet Hall concentration of interfacial layer.10

nH15
~mHnH2mH2nshH2/d!2

mH
2nH2mH2

2 nshH2/d
,

~6!

mH15
mH

2nH2mH2
2 nshH2/d

mHnH2mH2nshH2/d
.

In the calculation, the thicknessd of interfacial layer is
taken as 1mm as revealed by micro-Raman measureme
The sheet Hall concentrationnshH2 can be measured at low
enough temperature~lower than 20 K! as the electrons in the

FIG. 4. Raman spectra ofA1(LO) modes ofn-type wurtzite GaN measured
at differentD. ~1! D55 mm, ~2! D51 mm. The solid lines are the modele
fitted curves of theA1(LO) coupled modes. The dashed lines denote exp
mental line shapes of theA1(LO) coupled modes.
Downloaded 08 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
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bulk film freeze out and the measured Hall data are do
nated by the contribution from the highly conductive interf
cial layer. In this case the volume density of electrons in
interfacial layer is nH25nshH2/d5(760.4)31018cm23.
This carrier concentration coincides with those obtain
from the Raman measurement described in previous p
graphs (nH25831018cm23). The observed degenerate an
temperature-independent characteristic of the interfa
layer @Fig. 1~a!# is also quite consistent with this carrier co
centration since the Fermi level enters the conduction b
when the carrier concentration is about 631018cm23.44

The extracted concentrationnH1 and mobilitymH1 of the
bulk film are plotted in Figs. 1~b! and 2~b!, respectively. The
extracted carrier concentration of the bulk filmnH1 at room
temperature is (0.960.4)31017cm23, which agrees well
with the value 1.031017cm23 of the near surface carrie
concentration obtained from the capacitance-voltage (C–V)
measurement on the same sample. By fitting the line shap
the A1(LO) Raman peak as described in the previous Ram
section, the carrier concentration at the surface is
31017cm23, which also agrees well with the Hall calculate
data.

In order to analyze the extracted Hall mobility of th
GaN bulk film, the limiting effect imposed by each of th
scattering mechanisms is to be considered. Assuming tha
scattering events are independent of each other, the resu
mobility is given by the Matthiesen’s rule: 1/m5((1/m i),
wherem i are the mobility contributed by theith scattering
mechanism. In our first trial of fitting the mobility datamH1

in Fig. 2~b!, we have included ionized impurity scatterin
(m ii ) , neutral impurity scattering (mni), polar optical phonon
scattering (mpo), acoustic deformation potential scatterin
(mdp), and piezoelectric potential scattering (mpc) with the
use of the well known formulas45,46 and material parameter
of GaN cited in Ref. 47. It is found, however, that the fittin
involving these scattering mechanisms~with m i plotted as a
function of temperature in Fig. 5! cannot provide a reason
able fit to the experimental mobility datamH1 of the present
GaN bulk film. This implies other scattering mechanism
have to be considered.

Dislocation scattering in GaN has been studied by W
imann and Eastman48 and Ng, Pudi, and Moustakas49 These
authors showed that the mobility limited by threading dis
cation scattering depends on the dislocation density and
carrier concentration. Moreover, the mobilitymdisl due to
such scattering has a temperature dependence ofmdisl}T.
Dislocation scattering is thus more likely to be dominant
low temperatures giving it a similar profile to that of ionize
impurity scattering. In our first mobility fitting~with only

i-
t
TABLE I. Values of the fitting parameters and derivedn andm for RamanA1(LO) coupled modes measured a
D55 mm andD51 mm.

Raman modes

Fitting parameters Derivedn, m

vP (cm21) G ~cm21! g ~cm21! n (cm21) m ~cm2/Vs!

~1! A1(LO) measured atD55 mm 120 22 175 1.531017 310
~2! A1(LO) measured atD51 mm 732 110 1200 831018 45
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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1124 J. Appl. Phys., Vol. 96, No. 2, 15 July 2004 Huang et al.
m ii , mni , mpo, mdp, andmpc), deviation between the mod
eled curve and the experimental data is found to be larg
high temperature, which indicates the need for another s
tering potential that would effectively limit the mobility a
high temperature.

In order to investigate the dislocation density of t
present GaN film, AFM images were taken after the sam
was wet chemically etched with the use of H3PO4. Recently,
Youtseyet al.50,51 demonstrated that the whisker density o
tained by selectively etching GaN are very close to the
fective dislocation density. Viscontiet al.52 carried out a se-
ries of experiments to clarify the relation between the etch
density and the dislocation density. They found that the
fective dislocation density obtained by transmission elect
microscopy was similar to the values obtained by the etch
technique using hot H3PO4. They also pointed out, during
wet etching, a careful balance must be made to ensure
every defect is delineated, and that no overetching ta
place to cause merging which would lead to an underesti
tion of the defect density. Figure 6 shows the surface m
phology of the present GaN sample observed by AFM a

FIG. 5. The derived electron mobility of GaN bulk filmmH1 vs temperature,
fitted in terms of various scattering mechanisms~as shown in figure!. The
m theory represents the theory mobility value calculated using Matthies
rule.

FIG. 6. 434 mm2 AFM image of the MOCVD grown GaN surface mor
phology after etching in H3PO4 for 15 min at 160 °C.
Downloaded 08 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
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the sample being etched in H3PO4 for 15 min at 160 °C. By
counting the number of etch pits per unit area, the disloca
density of the present GaN sample was found to have a v
of 3 – 53108 cm22. This value is relatively low as compare
with the dislocation density of;1010cm22 present at the
poorly matched GaN sapphire interface. From the viewpo
of the two-step MOCVD growth technique which was us
in fabricating the present samples, it can be concluded
the dislocations are mainly confined to the GaN/sapphire
terfacial region as the growth of the low-temperature buf
layer is introduced.

The dislocation density of the present sample revea
from the AFM technique with wet etching is 3 –
3108 cm22, while the scattering at charged dislocation lin
only becomes significant for dislocation density abo
109 cm22. This implies that dislocation scattering is n
likely to be a significant scattering process in the GaN b
film.

Zhu and Sawaki53 proposed that nitrogen vacancy (VN)
scattering should be taken into account when analyzing
electron mobility data in GaN films grown by MOCVD. Al
though theoretical calculation reveals that forn-type GaN the
formation energy ofVN is large i.e., about 4 eV!,54 it does
not exclude the possibility that the GaN materials have re
tively high nitrogen vacancy concentration under cert
growth conditions. Moreover, technologically it is likely tha
VN is present during the growth process because of the v
high nitrogen equilibrium pressure at the high growth te
perature. Using a square-well potential to describe
nitrogen-vacancy-induced scattering potential, Zhu a
Sawaki53 showed that the mobility (mVN

) caused by this scat
tering followsmVN

}T21/2 and thus this kind of scattering ha
the derived form of being dominant at high temperatures
addition, Chuaet al.55 reported thatVN were created in sto-
ichiometric GaN film by plasma exposure and also show
the mobility limited by nitrogen vacancy scattering follow
;T21/3, which is close to the result predicted by Zhu a
Sawaki53

In the final mobility fitting ~shown in Fig. 5!, VN scat-
tering was taken into account by including theVN limiting
mobility53

mVN
5

9

16A3

h4e

m* 5/2NVN

1

U0
2a6

~kBT!21/2. ~7!

The compensated acceptor concentration (NA), and the ni-
trogen vacancy concentration (NVN

) are treated as the fre
parameters in the fitting process. A least squares fit of
mobility data yielded a good agreement over the entire te
perature range with fitted values ofNA5(5.860.5)
31016cm23 and NVN

5(1.760.5)31017cm23. The results
indicate that the concentration of nitrogen vacancies is r
tively high in the bulk film of the present GaN sample a
nitrogen vacancies play a significant role in limiting the ele
tron mobility.

With the charge neutrality equation, the donor conce
tration ND and the donor ionization energyED are given by

’s
 license or copyright, see http://jap.aip.org/jap/copyright.jsp



ce
g
e
-

th

o
u
ilu

t

a

th

o

tri
ca

if-
t
y,
ed
rie
vy
r

ed
ro-
m-
all
the

(
er-
nd
ne
ce
as
data.
N/
by
ob-
is
im-

k
is
nt
es
m

ed
ng

K.

ns.

ff,

ys.

R.

ys,

ou-

J.

K.

-

1125J. Appl. Phys., Vol. 96, No. 2, 15 July 2004 Huang et al.
nH1~nH11NA!

ND2nH12NA
5n85

Nc

b
expS 2

ED

KTD
5

1

b
NC

0 T3/2expS 2
ED

KTD . ~8!

Plot of (n8T3/2) as a function of 1/T is shown in Fig. 7 with
the values ofn8 calculated from the fitted parameters. Sin
NA was independently determined by the mobility fittin
process, the reliability and the accuracy of the fitting valu
of ND andED can be improved by the reduction in the num
ber of fitting parameters. The donor concentration and
donor activation energy were found to beND5(1.960.2)
3101 cm23 and ED524 meV, respectively. With regard t
ED , the donor potential can be screened by free and bo
charges, and the binding energy in the unscreened d
limit ED0 is given byED05ED1aND

1/3, wherea is an em-
pirically determined screening parameter dependent on
semiconductor. Since for GaNa'2.131025 meV cm,56 the
unscreened donor binding energy can be calculated asED0

532 meV. This value is close to the values of Si or O sh
low donors reported in the literature.16,57,58This implies O or
Si as possible residual donors in the present sample.

As the fitting described in previous paragraphs gives
concentration of compensating acceptorsNA55.8
31016cm23 in the present sample, the acceptor to don
ratio is NA /ND50.31. Considering the mobility limiting
mechanisms of ionized impurity scattering, piezoelec
scattering, acoustic phonon, and polar optical phonon s
tering, Chin, Tansley, and Osotchan59 have calculated the
carrier mobility of GaN as a function of temperature for d
ferent NA /ND ratio. It is noticed that with the presen
NA /ND ratio, the calculated mobility given by Chin, Tansle
and Osotchan59 is higher than the experimental data obtain
in the present study. This implies the observed low car
mobility in the present study is not only due to the hea
compensation but is also a consequence of other scatte
processes, such as dislocation, stacking fault scattering~in
the interfacial region! and nitrogen vacancy scattering~in the
bulk film!.

FIG. 7. Linear fitting of charge neutrality equation, in whichND andED are
fitting parameters,NA55.831016 cm23 is independently obtained by mo
bility fitting.
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IV. CONCLUSION

In conclusion, we have studied the unintentionally dop
GaN films grown on sapphire with the use of the depth p
filed micro-Raman spectroscopy, the AFM technique co
bined with wet etching, and temperature-dependent H
measurements. The decrease of the peak intensity and
asymmetrical broadening ofA1(LO) phonon line taken at the
depth close to the near GaN/sapphire interface regionD
<1 mm) indicates the presence of a highly conductive int
facial layer. The carrier concentrations of the bulk film a
also the interfacial layer were determined by fitting the li
shape of theA1(LO) coupled modes. Based on the presen
of this conductive interfacial layer, a two-layer model h
been used to analyze the temperature-dependent Hall
The carrier concentration and the mobility of the Ga
sapphire interfacial region and GaN bulk film determined
the Raman method are found to agree well with those
tained from Hall data analysis. Detailed mobility analys
strongly suggests that nitrogen vacancy scattering has an
portant electron mobility limiting effect in the GaN bul
film. The Hall data also confirm that dislocation scattering
dominant in the interfacial region, but is not the importa
scattering mechanism in the GaN bulk film, which coincid
with the low dislocation densities found in the GaN bulk fil
revealed by the chemical etching method.
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