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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,® C. D. Beling, C. C. Ling, Z. F. Wei, S. J. Xu,
and C. Y. zZhi

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 H&IDH) 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 um 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 Physic§DOI: 10.1063/1.1763235

I. INTRODUCTION atoms diffusing from the sapphire substrate and defective
microstructure have been suggested to be responsible for the
YGh electron concentration in the interfacial laj&re

Raman spectroscopy is not only a dominant method for
studying phonons, but also provides a contactless and non-
destructive method for determining carrier concentration and
mobility. In Raman spectroscopic studies of GaN materials,

GaN has attracted considerable research interest beca
of its potential applications including blue/ultraviolet light
emitting devices, ultraviolet detectold, high-speed, high-
temperature field-effect transistors, and high electron mobil
ity transistors™> GaN is desirable for high-power, high-

speed electronic applications due to its higher breakdowgtrong couplings between the longitudinal optitad) pho-
field and larger saturation velocity than GaAs, and also it%on and the free carrier plasma were obseWé8The LO

excellent ballistic conduction under a high electric field : o
6 . ) phonon-plasmon coupling has the effects of shifting the LO
(>100 kV/cm).” Understanding the electronic transport prop—phonon peak to high-frequency side and broadening the line

erties of GaN such as Hall carrier mobility and scatteringshapé7,18 With this principle, Ponceet al® demonstrated

mechanlsm is thereforg of high importance. Unfortuna}tely ow Raman spectroscopy can be used to probe the spatial
such studies are complicated by the poor structural quality o

GaN fi sing f latti . tched het i variation of carrier concentration in Si doped GaN.
12 8°/| TS arls?'g roc;ntha |c_e-tm|smafc 3d't' eelroep| ﬁ‘xly In the present work, depth-profiled confocal micro-
(13.8% for sapphireand the existence of additional paralle Raman spectroscopy was used to study the depth distribution

c_onductlng _channgls n the matenal,_ such as through 'MPYt the carrier density across the GaN film grown on the sap-
rity bands, interfacial regions, or grain boundaries.

Hiah ity GaN enil h b phire substrate. Temperature-dependent HalDH) mea-
_High quality ©all epliayers nave been grown on sap<,.ements conducted on the same sample were fitted by the
phire substrates by introducing a low-temperature grow

Rwo-layer model, in which the first layer is the bulk film and
AIN or a GaN buffer layef=° This results in the transport wo-ay nwhl ! yer! uret

i f GaN eoil bei hunted b dislocat (%he second one is the degenerate conductive layer. Results
properties ol Lal epllayer being shunted by a dislocateg,q, 141y techniques agree with the two-layer model and the
interface region with highly conductive properties. A two-

S . i ._carrier concentrations of the two laydis., GaN bulk layer
layer model, which involves a thin degenerate interfacial ve y

nd interfacial layerderived from the two techniques coin-
layer and the GaN bulk Iayerz was constructed by Look amzide well with each other. With considering the highly con-
Molnar to successfully explain the Hall data although thlsd

ol del h lied Ones uctive interfacial layer, analysis of the temperature-
vo-layer model has refied on some assumption S'nl? dependent mobility in the bulk layer incorporating the
different scanning probe microscopic techniques, eisall.

. . . . . influence of various scattering processes reveals an important
directly observed an interfacial region at the GaN/sapphir gp P

. . Contribution coming from nitrogen vacancy scattering.
boundary having an electron concentration at least an order

of magnitude higher than that of the less-conducting bulk
film. Evidence for such a degenerate interfacial layer alsql. EXPERIMENT
comes from the depth-profiled temperature-dependent Hall

experiments performed by Mavroidét al2 Excess oxygen The samples used in the present work were unintention-

ally doped GaN film grown on c-plane sapphire using am-
monia (NH;) and trimethylgallium(TMG) as precursor by
dElectronic mail: sfung@hkucc.hku.hk metal organic chemical vapor depositigMOCVD). The
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FIG. 1. Temperature dependence (@f measured electron concentration

FIG. 2. T ture d d d elect biliy . (b
ny . (b) Derived electron concentratiam, of GaN bulk film. emperature dependence(@fmeasured electron mobilify,; . (b)

Derived electron mobilityw,;; of GaN bulk film.

sapphire substrate was first heated to 1050 °C in a stream of

hydrogen. A~300 A thick unintentionally doped GaN buffer may be seen, the temperature-independent carrier concentra-
layer was grown at low temperatu(20 °Q. Then the sys-  tion and mobility are observed at low temperat(#e20 K).

tem was heated to 1050 °C and kept for 15 min to anneal thBecause of parallel conduction effects, these measurements
buffer layer. The GaN layer with the thickness ofsh was  do not accurately represent the GaN epilayer properties. For

grown at a temperature of 1050 °C. The typical mole ratio oftwo parallel conduction paths, the carrier concentration can
NH; and TMG was V/111~2500 during the deposition. More pe written a&t

details of the growth procedure can be found in Ref. 20. The
samples were cut into square van der Pauw geon{8t\g _ 2 2 2
mn?). Ohmic contacts were fabricated by evaporating 800 A M= (M his T Mfeiz) Y (M iy M), D
Al film onto the GaN epilayer followed by thermal annealing
at 750 °C for 2 min under Nambient. Good ohmic contacts Where,ny; and uy; represent the carrier concentration and
were verified over the whole measured temperature rangénobility, respectively, in the GaN bulk film, whose contribu-
Temperature-dependent Hall effect measurements were cdfon to conduction becomes more significant as the tempera-
ried out in darkness between the temperatures of 4 and 320 &re increases, andy, and u, are associated with a low
in a magnetic field of 0.5 T using a BIO-RAD HL5580 Hall mobility, metallic channel, which dominates at low tempera-
effect system. ture. The approach to extract the parameters of each channel
Confocal micro-Raman spectroscopic measurement§om Eg. (1) is to identify the metallic channel either as an
were carried out by the system consisting of a Spex 750MMpurity band?” or as a degenerate layer at GaN/substrate
monochromator with 1800 lines/mm Sing]e grating, aninterface, ie., tW0-Iayer mod@lin terms of the energetic
Olympus DX40 microscope, a Princeton Spectrum Oneand spatial distribution of mobile carriers, respectively. In the
charge-coupled device detector cooled with liquid nitrogenfollowing paragraph, we find the two-layer model can well
and a notch filter. The Raman measurements were performétescribe the TDH data and the depth dependent Raman data.
in back-scatteringZ(X,—)Z geometry. The 488 nm line of According to the Raman selection rule and for the
an Ar' laser operating at a power of 200 mW was used forZ(X,—)Z configuration used in the present stuéy(LO),
the light source. The laser beam was focused to a spot size && (low), and E; (high) modes of hexagonal GaN are ex-
about 1um with the use of a 108 objective lens and thus Pected to be observed in the Raman spectra. HoweveE the
the spatial resolutions in the y, andz directions is of the ~(Iow) mode is not within the covered spectral range of the
order of ~1 um. The instrumental spectral resolution was 1Present observations made. Micro-Raman spectra of the GaN
Cmfl_ All the Raman spectra were taken at room temperaf”m at different depth pOSitiOﬂS are shown in Flg 3. The
ture. parameter D” is the distance between the GaN sapphire
The GaN sample was also etched igP), at 160 °C for boundary and the position at which the Raman spectrum is
15 min to study the dislocation density. The surface morpholfaken. All spectra are normalized in intensity by the peak
ogy was subsequently analyzed using a typing mode Digitdneight of theE, (high) mode, and are shifted vertically for
Instrument 11l atomic force microscopyAFM). easy comparison. A typical Raman spectrum taken at the
surface of the GaN film(i.e., D=5 um) is shown in Fig.
3(a). The dominant lines are the, (high) (570 cm %) and
A.(LO) (735 cm' ) modes. For the Raman spectrum taken
The carrier concentrationy and the Hall mobility uy at the interfacial regionrD=1um away from the GaN/
measured as a function of temperature for the present Gashpphire boundary as shown in FigdB the E, (750 cmY
sample are shown in Figs(a and Za), respectively. As mode due to the sapphire substrate is also observed. All of

Ill. RESULTS AND DISCUSSION
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E, (high) (@D=5um It should be noted thaAl(LQ) _peak also sh_ifts due to
L : (b)D=3um stress. It was reported that a biaxial compressive stress of 1
EC;D=2um GPa will shift theA;(LO) peak toward a higher wave num-
i d)D=1um

ber by 0.8 cm.3’ As was stated in the previous discussion,

':-;:\ i the GaN film in the present study has a compressive stress
8 E (677) Aa(!'O)E (750 about 0.32 GPa when the epilayer is thicker thgani. This
%‘ M stress is expected to shift the phonon frequency of the
5 A;(LO) mode upwards by-0.25 cm %, an amount which is
€ : © negligible compared to the observéd(LO) mode shift of
~3 cm ! found at the interfacial region. The effect of stress
() can thus safely be disregarded if the free carrier concentra-
(a) tion determination is estimated from the phonon-plasmon

coupling mode. In this case, the carrier density n and the drift
mobility w can be evaluated by a line-shape fitting analysis
based on the semiclassical model which involves the consid-
FIG. 3. Room temperature depth-profiled micro-Raman spectra of unintenfation of the deformation potential and the electro-optical

tionally doped GaN film grown on sapphire substrate. The param@er © mechanisms. The line shape of the LO phonon is given
denotes the distance away from the GaN/sapphire boundary. The spectra %935,36,38

normalized by the peak intensity of tf® (high) phonon mode and shifted

vertically for comparison. The dotted lines are guide to the eye. [(w)=SAw) |m[ — 1/6(0,)], 2

565 570 575 725 750
Raman shift (cm‘1)

whereSis a proportionality factor,

these Raman signals observed are, in general, agreemeqt \_ 1 4 2C w2 o2 2 02)— 02T (02— v2— w2/
with the previous reported Raman modes of epitaxial GaN o) oilwpy(e7— 0T —wT 0"y wp)]

films 23-27 A+ (C2wi M) wi{ Y0P — 02) +T (03— 2w?)}
It is known that the line position of the, mode of GaN 5 . s
shifts significantly with the presence af,, stress in the T T (0™ +y) (o~ 07), 3

film.28 It is interesting to note in Fig. 1, the peak positions of  peing given by
the E, (high) mode were found to be constant at 35
cm ! for all the Raman spectra taken at different depths. A= w31 (0f—0?)?+(ol)?|+ 0l (0f — )
Using the Raman peak position of t& mode of a free-
standing bulk GaN samplé568 cm') (Ref. 29 and the
formula Aw=6.20 (whereAw is the frequency shift in cmt and
units ando is the biaxial stress in GPa unif the compres- y 2 o
sion stress of the present GaN film is found to be 0.32 GPa. €(®)=é{l+ (v~ w7)/(07-w ~iol)
The most likely explanation is that most of the strain caused — w2 (w?—i wy)} (5)
by the lattice and the thermal-expansion mismatches is re- P '
laxed by the formation of dislocations close to the substratewherew, and w are the longitudinal and transverse optical
film interface3*2 Complete relaxation requires misfit dislo- phonon frequenciesy is the plasmon damping constahtis
cations at an average distance of 2.0 nm. However théhe phonon damping constamip is the plasmon frequency,
dislocations formed at the GaN sapphire interface are clusand C is the Faust-Henry coefficient for hexagonal
tered, leaving some residual strain remained in the epilayeGaN173%-41
and resulting in some constant residual strain when the epil- As can be seen in Fig.(8), the E; mode due to the
ayer is thicker than-1 um. sapphire substrate is also observed and superimposed with
The intensity and peak position of ti#g(LO) mode of  the A;(LO) peak. We can remove the sapphiig mode by
the present GaN sample taken at the GaN surface are idespectral subtraction. The observed line shape®dilLO)
tical to those at the depth &=2 um away from the GaN/ coupled modes measured at the interfacial redian, D
sapphire boundary. However, ti#g(LO) mode of the spec- =1 um) and the bulk fiim(i.e., D=5 um) were fitted ac-
trum taken at the lum interfacial region becomes more cording to Eqs(1)—(4), with w1, o, , andC being fixed at
asymmetric and broadened with its peak position shiftinghe literature values obt=533cm !, w, =735cni !, and
(~3 cm }) to higher frequency as compared to those takerC=0.48*! For the case of GaN, values @f,=5.35 and
within the GaN bulk film, indicating a significant amount of m* =0.2m, were also takef? T, y, andwp were treated as
coupling between theA;(LO) phonon and the heavily fitting parameters. The carrier densityas well as the mo-
damped plasmon. This result is consistent with previoushbility u« were then deduced from the relatiowp
reported Raman studies on heavily doped n-type GaN={4mne?/(e.m*)}¥? and r=(3/8)(e/m*u), respec-
materialst’**3* as well as those observed in SiC andtively. The fitted curvegsolid lineg and also the experimen-
GaP*36 for which the high-frequency branch of the LO tal data(broken line$ of the spectra taken at the surface and
phonon-plasmon coupled mode shifts slightly to the high-those at the interfacial region are shown in Fig. 4. Values of
frequency side with accompanying peak shape broadening dlse fitting parameters, the derived carrier densitgnd the
the carrier concentration increases. derived mobility u are shown in Table I. The electron con-

X (w?+ %), (4)

Downloaded 08 Nov 2006 to 147.8.21.97. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 96, No. 2, 15 July 2004 Huang et al. 1123

bulk film freeze out and the measured Hall data are domi-
nated by the contribution from the highly conductive interfa-
cial layer. In this case the volume density of electrons in the
interfacial layer is ny,=ngy/d=(7+0.4)x 108 cm 3.
This carrier concentration coincides with those obtained
from the Raman measurement described in previous para-
graphs (4,=8x10¥cm™%). The observed degenerate and
temperature-independent characteristic of the interfacial
layer[Fig. 1(a)] is also quite consistent with this carrier con-
centration since the Fermi level enters the conduction band
when the carrier concentration is about 60*8cm™3.44
. . . . The extracted concentratiaon; and mobility xy, of the
720 730 740 750 bulk film are plotted in Figs. (b) and 2b), respectively. The
Raman shifts (cm™) extracted carrier concentration of the bulk film; at room
temperature is (0:90.4)x10"cm 3, which agrees well
FIG. 4. Raman spectra &;(LO) modes ofn-type wurtzite GaN measured with the value 1. 10cm 2 of the near surface carrier
at differentD. (1) D=5 um, (2) D=1 um. The solid lines are the modeled . . .
fitted curves of thé\;(LO) coupled modes. The dashed lines denote experi—concentratlon obtained from the capacitance-voltage\()
mental line shapes of th&,(LO) coupled modes. measurement on the same sample. By fitting the line shape of
the A;(LO) Raman peak as described in the previous Raman
section, the carrier concentration at the surface is 1.5
centration and the mobility at the bulk film were found to be X 10" cm™2, which also agrees well with the Hall calculated
n=1.5x10"cm !, ©=310 cnf/Vs. These results clearly data.
confirm, in accordance with previous works:**3that there In order to analyze the extracted Hall mobility of the
is a 1 um width highly conductive and defective interfacial GaN bulk film, the limiting effect imposed by each of the
region adjacent to the GaN/sapphire boundary having ascattering mechanisms is to be considered. Assuming that the
electron concentration and the mobility oh=8 scattering events are independent of each other, the resultant
x 10 cm™2 and =45 cnf/V s respectively. mobility is given by the Matthiesen’s rule: A= (1/u;),

The presence of the interfacial region with high carrierwhere u; are the mobility contributed by thigh scattering
concentration suggests employing the two-layer model promechanism. In our first trial of fitting the mobility daja,;
posed by Look and Moln&t to provide a realistic descrip- in Fig. 2(b), we have included ionized impurity scattering
tion of the present sample. In this two-layer model, layer | is(u;), neutral impurity scatteringu(,;), polar optical phonon
taken as the GaN bulk film having a low carrier concentra-scattering ftpo), acoustic deformation potential scattering
tion and high mobility, and layer Il is taken as the degenerateg,udp), and piezoelectric potential scattering ) with the
interfacial layer. The real electron concentratipn and the  use of the well known formul43*® and material parameters
real mobility uyy; of the bulk film can be expressed as aof GaN cited in Ref. 47. It is found, however, that the fitting
function of the measured concentratiop, the measured involving these scattering mechanisiwgth w; plotted as a
mobility »y the interfacial layer thickness the Hall param-  function of temperature in Fig.)5%annot provide a reason-
eters of the interfacial layemg, and uy,) and nghyp the  able fit to the experimental mobility daja,; of the present
sheet Hall concentration of interfacial layér. GaN bulk film. This implies other scattering mechanisms
have to be considered.

A (LO)

[(@)D=1pm /4~

Intensity (a.u.)

 (eny— fppNen2/d)?

Np=—> > , Dislocation scattering in GaN has been studied by We-
MHNH™ M2Nshrz/ d imann and Eastm&hand Ng, Pudi, and Moustak¥sThese
6 age . . . . 5
20— 1oneld (6) authors showed that the mobility limited by threading dislo
1= cation scattering depends on the dislocation density and the

AN~ A2Nshie! d carrier concentration. Moreover, the mobilify, due to

In the calculation, the thicknesbsof interfacial layer is  such scattering has a temperature dependence gf<T.
taken as 1um as revealed by micro-Raman measurementDislocation scattering is thus more likely to be dominant at
The sheet Hall concentratiamy,.;, can be measured at low low temperatures giving it a similar profile to that of ionized
enough temperaturgower than 20 K as the electrons in the impurity scattering. In our first mobility fittingwith only

TABLE |. Values of the fitting parameters and derivednd . for RamanA,(LO) coupled modes measured at
D=5umandD=1 um.

Fitting parameters Derived, u
Raman modes wp(cm™)  T(m?YH yem? n(em?b  u(cm?Vs)
(1) A;(LO) measured ab=>5 um 120 22 175 1.5% 10" 310
(2) A{(LO) measured ab=1 um 732 110 1200 & 108 45
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the sample being etched in; PO, for 15 min at 160 °C. By
counting the number of etch pits per unit area, the dislocation
density of the present GaN sample was found to have a value
of 3—5x10° cm™2. This value is relatively low as compared
with the dislocation density of-10'°cm™? present at the
poorly matched GaN sapphire interface. From the viewpoint
of the two-step MOCVD growth technique which was used
in fabricating the present samples, it can be concluded that
the dislocations are mainly confined to the GaN/sapphire in-
terfacial region as the growth of the low-temperature buffer
layer is introduced.
. The dislocation density of the present sample revealed
10 100 from the AFM technique with wet etching is 3-5
T (K) X108 cm™2, while the scattering at charged dislocation lines
only becomes significant for dislocation density above
FIG. 5. The derived electron mobility of GaN bulk film, vs temperature, 1% cy=2 This implies that dislocation scattering is not
fitted in terms of various scattering mechanisgas shown in figure The . - . .
Mineory FEPresents the theory mobility value calculated using Matthiesen’s:c'_irely to be a significant scattering process in the GaN bulk
rule. im.
Zhu and SawaR? proposed that nitrogen vacancy )
scattering should be taken into account when analyzing the
iy Mnis Mpos Mdp» @nd upg), deviation between the mod- electron mobility data in GaN films grown by MOCVD. Al-
eled curve and the experimental data is found to be large dbough theoretical calculation reveals thatfietype GaN the
high temperature, which indicates the need for another scaformation energy oty is large i.e., about 4 eV it does
tering potential that would effectively limit the mobility at not exclude the possibility that the GaN materials have rela-
high temperature. tively high nitrogen vacancy concentration under certain
In order to investigate the dislocation density of thegrowth conditions. Moreover, technologically it is likely that
present GaN film, AFM images were taken after the sampl&/y is present during the growth process because of the very
was wet chemically etched with the use offD,. Recently,  high nitrogen equilibrium pressure at the high growth tem-
Youtseyet al>*5* demonstrated that the whisker density ob-perature. Using a square-well potential to describe the
tained by selectively etching GaN are very close to the efnitrogen-vacancy-induced scattering potential, Zhu and
fective dislocation density. Visconéit al? carried out a se- Sawak?® showed that the mobilityy, ) caused by this scat-
ries of experiments to clarify the relation between the etch pitering foIIows,uVNocT’”Z and thus this kind of scattering has
density and the dislocation density. They found that the efthe derived form of being dominant at high temperatures. In
fective dislocation density obtained by transmission electromyqdition, Chuaet al>® reported that/y, were created in sto-
microscopy was similar to the values obtained by the etchingchiometric GaN film by plasma exposure and also showed

technique using hot #P0,. They also pointed out, during the mobility limited by nitrogen vacancy scattering follows
wet etching, a careful balance must be made to ensure thatT-13 \yhich is close to the result predicted by Zhu and

every defect is delineated, and that no overetching take§zwak?3
place to cause merging which would lead to an underestima- | the final mobility fitting (shown in Fig. 3, Vy scat-

tion of the defect denSity. Figure 6 shows the surface mortering was taken into account by inc'uding thﬁ ||m|t|ng
phology of the present GaN sample observed by AFM aftefnobility53

-
[=]
e

-
(=]
S

carrier mobility (cm?/Vs)
=

-
A

9 h*e 1
1643 m* 2Ny, Uga

v, - (kgT) 22 @

The compensated acceptor concentratibin)( and the ni-
trogen vacancy concentratiomN(, ) are treated as the free

parameters in the fitting process. A least squares fit of the
mobility data yielded a good agreement over the entire tem-
perature range with fitted values oN,=(5.8£0.5)
x10'*cm™® and Ny, =(1.7£0.5)x 10" cm™>. The results
indicate that the concentration of nitrogen vacancies is rela-
tively high in the bulk film of the present GaN sample and
nitrogen vacancies play a significant role in limiting the elec-

tron mobility.
FIG. 6. 4<4 um? AFM image of the MOCVD grown GaN surface mor- _W|th the charge neUt_ra“_ty equation, the don(_)r concen-
phology after etching in kPO, for 15 min at 160 °C. tration Np and the donor ionization enerdsp are given by

Downloaded 08 Nov 2006 to 147.8.21.97. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



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

" e ' IV. CONCLUSION
32.0F fitting parameters,

N,=1.9x10"" cm” | In conclusion, we have studied the unintentionally doped
315} E,=24.4 meV GaN films grown on sapphire with the use of the depth pro-

filed micro-Raman spectroscopy, the AFM technique com-

%?31-0- . bined with wet etching, and temperature-dependent Hall

'-‘—: measurements. The decrease of the peak intensity and the

= 305} ] asymmetrical broadening &f;(LO) phonon line taken at the

- depth close to the near GaN/sapphire interface regon (
30.0 1 <1 um) indicates the presence of a highly conductive inter-
005 facial layer. The carrier concentrations of the bulk film and

also the interfacial layer were determined by fitting the line
shape of thed;(LO) coupled modes. Based on the presence
g of this conductive interfacial layer, a two-layer model has
1T (KY) been used to analyze the temperature-dependent Hall data.
FIG. 7. Linear fitting of charge neutrality equation, in whidg andEp are The t(}:.arrl-er cfon.celntrafuon agd the bmlibf!:ltydOf the. G;"E/
fitting parametersN,=5.8x 10'*cm™ 2 is independently obtained by mo- sapphire interfacial region and GaN bulk film e_termme y
bility fitting. the Raman method are found to agree well with those ob-
tained from Hall data analysis. Detailed mobility analysis
strongly suggests that nitrogen vacancy scattering has an im-
GIPEE YN N, Ep portant electron mobility Iimiting effe_ct in Fhe GaN l_aulk_
NocnooN, - V= film. The Hall data also confirm that dislocation scattering is
D THL O TTA B dominant in the interfacial region, but is not the important
1, o Ep scattering mechanism in the GaN bulk film, which coincides
=5 NeT7%exp — =/ (8)  with the low dislocation densities found in the GaN bulk film
B KT : .
revealed by the chemical etching method.

0.004 0.006 0.008 0.010 0.012 0.014

Plot of (n'T%?) as a function of I is shown in Fig. 7 with
the values oh’ calculated from the fitted parameters. Since
N, was independently determined by the mobility fitting ACKNOWLEDGMENTS
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