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Epitaxial growth of gallium nitride thin films on A-plane sapphire
by molecular beam epitaxy
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In this article, we propose a crystallographic model to describe epitaxy of Ggl1@) sapphire

(A plane. The(1102) cleavage plane in sapphire is shown to extend to the GaN lattice &E1tAD

plane, facilitating the formation of cleaved facets. It is shown that, although the lattice mismatch is
much smaller than in the case of epitaxy @®01), the difference in the planar symmetry in this

case results in high-strained bonds near the interface. The use of nitridation and a low temperature
buffer is therefore necessary. A systematic study of GaN growth orAthkane sapphire by
plasma-assisted molecular beam epitaxy was carried out to study the effects of plasma nitridation of
the substrate and the growth of a low temperature GaN buffer on the structure and optoelectronic
properties of the films. Transmission electron microscOfyM) studies indicate that films grown

on substrates which were not nitridated prior to growth have a significant fraction of zinc-blende
domains and poor orientation relationship with the substrate. On the contrary, nitridation leads to
films with superior structural and optoelectronic properties. The low temperature GaN buffer, grown
on nitridated substrates, was found to also have a pronounced effect on the optoelectronic properties
of the GaN films, especially in those with low carrier concentrations. The correlation between TEM
and photoluminescence studies suggests that the transition at 3.27 eV can be attributed to the cubic
domains in the films. ©1999 American Institute of Physid$50021-89789)02507-4

I. INTRODUCTION is in the same orientation as AIN. The presence of AIN with
. . ~30° rotation reduces the mismatch between the substrate and

The lack of good quality GaN substrates led to investi-the epitaxial layer and thus also reduces the strain in the
gation into several different substrates for epitaxial growth ofayer. However, the absence of a good cleavage plane per-
GaN, of which,C-plane(0001) sapphire is the most widely pendicular to theC plane of sapphire makes it difficult to
studied substrate. Due to the large lattice mismé&teb4%),  form cleaved surfaces, which are required to form edge-
several approaches have been adapted to optimize the ”Uclﬁﬁitting lasers.
ation and growth of GaN layers on these substrates. Amano | _nitride films grown on(llﬁ)) sapphire(A plang can

etal’ founq that high-quality n.itride films can be grown by be cleaved more easily alofgyplane, to form edge-emitting
;neta.tlorganlic .:./alp;)hr. pZ?Nseb efg?ltai(y O'hpltalne fapphlret by lasers. In addition, since the lattice mismatch between GaN
e . a1 Aplane sappie i lss than 2 s opecid ta

j Petter quality films may be achieved. The Boston University

temperature GaN buffer layer also improves the epitaxia ) )
. —group has shown that GaN films grown érplane sapphire
growth of GaN by molecular beam epitayIBE) and met with initial nitridation and low temperature GaN buffer

alorganic chemical vapor deposition techniques, respec- ther than th ool hi
tively. The Boston University group has also demonstratejbayers were smoother than those growntopiane sapphire

that the conversion of the surface of,8% to AIN by expo- y a .5|m|lar met.hod:3 In .these. studies, the preferred
sure to a nitrogen plasma leads to improvements in the sutgPitéxial orientation relationship was found to be
sequent epitaxial growth® Since then, other groups have (0001)eanI(1120)sapphie @nd  [1010]canI[1010]sapphire
reported similar benefit upon nitridation of the sapphire sub-There have also been some studies on the effect of GaN and
strate by exposure to ammoriid Recently, energetics of AIN buffer layers on the growth of GaN orm-plane
AIN thin films on sapphire surface have been calculated angapphire®® Kato et al. have reported that the GaN films they
shown that AIN(and the GaN film grown on)itcan have deposited orA-plane sapphire had mixed orientations; they
different polarities, depending on the nucleation conditﬁ)ns.obser\@d GaN witlj0001) and (10D) orientations parallel
The AIN thin film that formed upon nitridation was found to to (1120) sapphiré*!® However, there have been no sys-
be oriented such that it is rotated 30° in-plane with respectematic studies of how the nitridation of téeplane sapphire

to the substrate lattice: (000d)II(0001)qpphire @Nd  affects the epitaxial growth and properties of the overgrown
[1010]an/I[1120]sapphire "0 Subsequent growth of GaN GaN films.

In this article, a crystallographic model has been devel-
dElectronic mail: dharani@engc.bu.edu oped to study the epitaxy of GaN ovét120) sapphire.
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FIG. 2. Crystallographic model of cross-sectional view of the interface, seen
at (a) [1100]gay zone-axis and afb) [ 1120] .y ZONE-axis.

@

FIG. 1. Projections of sapphire and GaN lattides (1120) and (0001 cleavage planes in the two lattices are marked in Fig(ae 1

planes of sapphire and GaN respectively, showing the cleavage planes. T|
rectangles depict the supercells of overlép. A supercell of GaN(0001) F\ene line in sapph|re is the prOJeCtlon QIOIZ) plane (R

epitaxy on sapphiré1120). plane, which is_shown to be approximately parallel to the
projection of (1120) plane in GaN. However, it should be
noted that there is 2.4° rotation in between these two cleav-

Epitaxial growth on this plane has been investigated byage axes across the interface. The supercell of epitaxial over-

MBE. lap is outlined by the dotted rectangles {3x 16.5A) in the
two projections. Figure (b) shows superimposition of the
Il. CRYSTALLOGRAPHIC MODEL two projections. The thickness in thalirection is restricted

to a monolayer in each lattice, to include only the atoms

Crystallographic modeling of the interface is a very use-closest to the interface that participate in the chemical bond.
ful tool to understand the issues of epitaxy. Researchers at Figure 2 is a schematic of the cross-section of the
Northwestern University have described crystallographicsapphire/GaN interface showing the bonding across the in-
models of(0001) AIN thin films on (0001 and(0112) faces  terface. Figure @) is the cross-section at tH&100] zone-
of sapphire®!’ Sapphire belongs to space grolB8c  axis in GaN(which is equivalent to thg€1100] zone-axis in
=ng (No. 167 and the crystal structure can be describedsapphir¢, and Fig. 2Zb) is the cross-section at tHd120]
as G~ anions in approximately hexagonal-close-packed arzone-axis in GaN[0001] zone-axis of sapphifeThe cross-
rangement, with AI* cations occupying two-thirds of the section is taken from the line of best match, i.e., the edges of
octahedral voids. A detailed description of the structure ighe supercell outlined by a rectangle in Fig. 1. In these two
given by Kronberd® GaN with wurtzite structuréhexago- models, azrange &2 A is taken to simplify the picture, and
nal symmetry belongs to space group6;Mc (No. 186. As  the same kind of lattice matching is assumed as in Rig). 1
seen in the x ray and transmission electron diffraction studAs seen in the projection, GaN is shown to be growing with
ies, epitaxial GaN grows with th@®002) plane parallel to the a [0001] polarity (Ga to N bond pointing down which is
(1120) plane of sapphire. However, the epitaxy is notconsistent with our experimental reflection high-energy elec-
straightforward, since the epitaxial plane of GaN does notron diffraction (RHEED) observations described later.
share the same symmetry as that of sapphire. The supercell of epitaxial overlap is outlined by the rect-

As mentioned in the introduction, one of the major ad-angles in the two projections in Fig(a. With this supercell,
vantages ofA-plane sapphire is the presence of the cleavag¢he lattice match is as follows: sikl010) planes of GaN
plane perpendicular to the sapphire surface. The cleavageatch with four planes of1010) of sapphire, resulting in a
plane in the sapphire crystal (012) (R plane, which is the lattice mismatch of-0.62%. In the perpendicular direction,
close-packed planénterplanar spacing of 3.48)AFigure eight planes 0f1120) GaN match with on€0007) plane of
1(a) shows 20x 20 A crystallographic projections @fL120) sapphire, resulting in a mismatch of 1.8%. Based on the
and (0002 planes of sapphire and GaN, respectively, simu-above projections, the expected distances between misfit dis-
lated using the Crystal Kit prografi.The projections of the locations are 179 and 443 A [1120] and[1100] directions
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of GaN, respectively. This is in contrast to GaN growth on
(0002 sapphire, where the lattice mismatch is 14% and mis-
fit dislocations are expected every 36 A. Based on these
models, we see that the lattice mismatch between the GaN
and sapphire supercells is significantly smaller than the cor-
responding mismatch 00001 sapphire. This raises the
guestion whether the nitridation and low temperature GaN
buffer steps, which were shown to lead to high quality GaN
films on (0001 sapphire, are necessary in this case. How-
ever, as can be seen in the projections, a large fraction of the
atomic bonds in the supercell are highly distorted across the
interface and do not match perfectly with the GaN structure,
resulting in a strained GaN film. Therefore, a nucleation step
may be required for growth oA plane as well.

It is known that the sapphire lattice is terminated by
oxygen atoms at the surface. This presence of oxygen species
at the interface can complicate the epitaxy of GaN, by for-
mation of GaO layer at the interface. Exposure of the
A-plane sapphire to a nitrogen plasma results in replacement
of all the O atoms on the surface by N thereby forming a
monolayer of strained AIN. We believe that this facilitates
the subsequent growth of GaN on a bettehemically
matched substrate. In Fig. 2, the top monolayer of “O” at-
oms in sapphire are shown to be replaced by “N” atoms.
with a 10 mW He-Cd lasef325 nm wavelengthand the
spectra were dispersed with a 0.5 m spectrometer equipped
with a holographic grating blazed at 250 nm and detected

GaN films were grown by MBE using a Varian Gen I with a photomultiplier. Hall effect_ measurements were done
system, as described previoudf/Active nitrogen was pro- on cloverleaf patterns.that were lithographically etched on to
duced by passing 10 sccm molecular nitrogen through aﬁxs mm samples using a Bio-rad patt'ern' meker. Contacts
ASTeX compact electron cyclotron resonafiE€R) source, on thesen-type samples were made with indium dots sol-
producing a downstream pressure of §@o 10~ Torr. Pre-  déred at the four points of the clover leaf shape. Hall mea-
cleanedA-plane sapphire substrates were outgassed in th%uremgms were teken atroom temperature, by |nj_ect!n§ 10
buffer chamber at 600 °C before loading in to the growthto 107" A current in the presence @ 7 KG magnetic field.
chamber. A number of films were grown directly on the sap-
phire substrate at 775 °C, without nitridation or low tempera—'V- RESULTS AND DISCUSSION
ture buffer. Several films were also grown on nitridated sap- ~ As mentioned earlier, one of the major incentives for
phire, by heating the substrates to 750 °C and exposing to ghoosingA-plane sapphire is the ability to form cleaved fac-
150 W nitrogen microwave plasma for different time inter- ets. Figure 3 shows an SEM micrograph of a cleaved inter-
vals. GaN buffer layeréwhen usegiwere grown at 550 °C to  face for a typical film, showing very smooth surfaces across
a thickness of about 20—-30 nm. All the films discussed inthe interface. The cleavage plane in sapphire corresponds to
this report were doped type with Si, by varying the tem-  (1102) (R plana, which is the close packed platiaterpla-
perature of the Si effusion cell between 1000 and 1200 °C.nar Spacing of 3.48 ﬁ‘in this lattice. ThisR p|ane is perpen-

The structural quality of the samples was studieditu  djcular to the surface and has a orientation that&8° from
by RHEED, and by scanning electron microsco8EM),  the [1100] direction in the surface plane of sapphire. The
atomic force microscopyAFM), x-ray diffraction (XRD),  extension of this cleavage plane matches with ¢th&20)
and TEM techniques after the growth. XRD studies wereplane in GaN, which is also a major crystallographic plane.
performed using a four-circle diffractometer with KCa ra-  |n view of these results, we investigated the optimum growth

diation as the excitation source. Cross-sectional TEMconditions for the growth of GaN oA-plane sapphire.
samples were prepared by “sandwiching,” mechanical thin-

ning, dimpling, and ion-milling to electron transparency. The Films grown without nitridation and low

TEM and high resolution electron microscoyREM) stud- temperature GaN buffer

ies were carried out using a JEOL 2000FX and a JEOL GaN films of approximately um thickness were grown
3000FX electron microscope, respectively. AFM analysisdirectly on theA-plane sapphire after thermal outgassing at
was carried out with a Digital Instruments scanning probe,775°C. In these films, cubic features were observed by
operated in tapping mode. The optical and transport propelRHEED during the early stages of growth, as shown in the
ties of the films were determined by measuring the photoluFig. 4. Based on the RHEED patterns from thick GaN films,
minescencdPL) spectra and the Hall effecusing the Van the camera length of the diffraction system was calculated
der Paw methaod respectively. PL in the films was excited and used to estimate the interplanar spacing of the planes
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FIG. 3. SEM micrograph of the cleavage facet near the GaN sapphire in-
terface.

lll. EXPERIMENTAL DETAILS
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FIG. 6. (a) Cross-sectional TEM micrograph of a GaN film grown after
nucleation by nitridation and a low temperature buffer. Excellent match
between reciprocal lattice points of Gdarrows and sapphirétriangles is
seen, as shown from the electron diffraction patterns from the film interface
(b) near{1010] zone-axis of GaNand[1010] zone-axis of sapphijeand(c)

FIG. 4. RHEED pattern from GaN film grown directly @aplane sapphire, near[1120] zone-axis of GaNalso[0001] zone-axis of sapphije The tri-
viewed at[ 1120]g,y ZONe-axis. angles in(c) represent thé1120} family of planes in the reciprocal space.

. ) these findings, the effect of nitridation and low temperature
responsible for the pattern. Based on these calculations, &aN buffer on the properties of the films was explored
was determined that the pattern in Fig. 4 is a superimposition '

of RHEE,D from[llZ)] zone-axis of wurtzite GaN arld10] B. Films grown with low temperature GaN buffer and
zone-axis of zinc-blende GaN. Although the films had pre~ith/without nitridation

dominantly wurtzite structure after further growth, they were ] o )
defective. This was also observed in the TEM studies, as All the GaN films in this study had a 20 nm thick low
described later. Figure 5 is a cross-sectional TEM microi€mperature GaN buffer layer grown at 550 °C and am.
graph of a GaN film, showing that the film is indeed poly- thick GaN film, grown at 775°C. Analyses of the GaN film
crystalline and polymorphic. The inset electron diffraction 9rown without the nitridation step by RHEED and XRD in-
pattern, taken from the region of sapphire/GaN interfacedicated that the film was polycrystallln_e. Cross-sectional
shows an overlap of the diffraction patterns from sapphirel EM showed that the film is polycrystaliine and had struc-
and GaN. It is clear from the absence of matching betweef!re similar to that shown in Fig. 5. XRD studies of the films
the diffraction spots, that there is no specific epitaxial relagrown on nitridated sapphire substrates showed that GaN
tionship between the grown film and the substrate. Region8"0Ws With the(0002 plane parallel to thé plane of sap-

of zinc-blende phase were clearly observed in electron difPhire. The intensity and the full width at half maximum
fraction analysis and are marked by arrows in the figure. It i§FWHM) of the (0002 peak improved significantly with ni-
known that GaN can exist both in wurtzite and zinc blendefridation for these samples. The FWHM of tt@002 peak
structure®’ and that the cohesive energies of the two strucV@s ~110 arc sec for the films on fully nitridated surface.
tures are comparabfeThus, optimization of the growth pa- 1€ rocking curve at0002 peak was typically around 600
rameters, especially in the initial nucleation stages is venp’C sec for films with 1um thickness. Figure (@) is the

important to obtain GaN in the desired phase. In view ofcross-sectional TEM micrograph of GaN film grown after
nitridating the substrate for 15 min. The film is single crystal

GaN, with a defective buffer layer near the interface. Figure
6(b) is a selective area diffractiofSAD) pattern neaf1010]
zoneaxigof both lattice from the interface. It shows that in
reciprocal space(1120)z,,hieiS parallel to (0002Z3,y and
(0003%,ppnireis parallel to(1120)g,y. The lattice mismatch
can be estimated from the separation of these reciprocal lat-
tice points. Figure &) is a SAD pattern from th¢1120]
zone-axis of GaN(or [0001] zone-axis of sapphije also
showing a good epitaxial orientation between the GaN film
and sapphire. These results confirm that GaN epitaxy on
A-plane sapphire occurs agl120]ganI[ 0003]sappnire N
[0002ganl[ 1120 sapphire This is in agreement with the pre-
vious reports of epitaxial relation between GaN aaglane
sapphiret*2 In these films which resulted in smooth sur-
faces, X1 reconstruction was observed during growth,
FIG. 5. Cross-sectional TEM micrograph of a GaN film grown without which deveIOped_ mt(.) 83 reconstruction d_urln_g coo_llng
nitridation or low temperature buffer; the inset electron diffraction showsdown, as shown in Fig. 7. Such reconstruction is an indica-
the absence of a clear epitaxial relation between the film and the substrattion of predominantlyN-terminated(or [0001]) polarity2
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FIG. 7. RHEED pattern viewed zitLlEO]GaN zone-axis, from GaN film
grown after nitridation and buffer steps.

Convergent beam electron microscopy studies are being cur-
rently done to confirm this observation. Preliminary TEM
studies show that there are still some domain boundaries.
Though the density of threading dislocations is high
(Nlolocm 2)’ no Cu.bIC domains and very _feW stacking FIG. 8. SEM micrographs from 1 mm thick GaN films grown with 0, (b)
faults were detected in TEM and HREM studies. These datg and(c) 15 min nitridation.

clearly indicate the importance of the nitridation step of the

A-plane sapphire for the epitaxial growth of GaN. This, we

believe, is due to the formation of AIN nuclei on the surface  Tgple | also summarizes the effect of nitridation on

of Al,O3 which promotes wetting and facilitates two- transport coefficients. While the doping level-{ x 10
dimensional growth. o cm3) did not change upon nitridation, the electron mobility
Nitridation also was found to have significant effect onimproved by more than a factor of 100. This dramatic change
the surface roughness and transport properties in such filmg attributed to the polycrystalline nature of the films grown
Table | summarizes these data in three of the GaN filmgyith no or poor nitridation. These mobility values of the
grown with increasing nitridation times, keeping all other grger of about 120 cAtv for the films grown on the nitri-
growth parameters identical. A clear improvement of surfacgjated substrates are as high as those reported for GaN films
morphology was observed with increase in nitridation time-grown by MBE on theC-plane sapphire at the same level of
as indicated by root mean squafiens) roughness values qoping?? To the best of our knowledge, there are no reports
measured by AFM. Figure 8 shows SEM micrographs of the)n the mobility of GaN films at these doping levels on
three samples taken under the same magnification. It is clezp(_pmne sapphire.
from the figure that there is a dramatic improvement in sur- = p|_ measurements were carried out at room temperature
face morphology with nitridation time. Sample | has a roughang at 77 K to investigate the effect of the substrate nitrida-
surface morphology,. indicative of three-dimensional grqvvth.tion on the optical properties of the films. Figure 9 shows the
Sample Il has considerably smoother surfgae shown in - p|_spectra of the three samples described above, both at 300
Fig. 8b)] as well as some rough regiofisot shown in this  (qotted lineg and at 77 K(solid lines. At 300 K, the film
micrograph, indicating insufficient nucleation of AIN on the  grown on the surface without nitridation has a broad peak at
surface. Sample Ill, which was grown on sapphire nitridateds 3 ev with a low energy tail, while samples Il and 11l show
for 15 min has a very smooth, specular surface. This imthe excitonic lines of wurtzite GaN at 3.4 eV, indicating that
provement in the morphology is consistent with the hypoth-itrigation is essential to improve film properties. To reveal
esis that nitridation promotes wetting and thus two-the differences between the films more clearly, PL measure-
dimensional growth. ments were done at 77 Kig. 9). Sample |, which was not
nitridated, shows very a broad peak near 3.27 eV. Sample II,
with 5 min nitridation, has the dominant peak at 3.27 eV
TABLE I. The effect of nitridation on the physical properties of GaN films with a weaker peak near 3.47 eV, associated with neutral

on A-plane sapphire. donor bound exciton of wurtzite GaN. At the low energy side
Nitridation  rms roughness 0 B of the 3.27 eV peak, two other peaks at 3.19 arjd 3.11 eV
Sample (min) (nm) (cm™3) (cmIVs) could be resolved, which are the 1 and 2 longitudinal optical
(LO) phonon replicas of the 3.27 eV transition, respectively.
[ 0 40 1.1x10" 1 . . L
I 5 4 9.8x 10t 89 Finally, GaN film grown after 15 min nitridation has only

m 15 15 7 %101 119 one peak at 3.47 eV, with a FWHM of 45 meV. These data
show the importance of optimization of the nitridation step to
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TABLE II. The effect of low temperature buffer on the GaN film properties.

"""" 300K Thickness rms roughness n
77K Sample Buffer  (um) (nm) (em™®)  u (cmP/Vs)
A 0 0.9 8 8.9x10'® 97
No Nitridation B 20 nm 1.0 2 K10t 118
C 0 1.5 9 2.%10Y 135
""""" D 20 nm 15 3 3.%10Y 211

cant difference in the structural quality of the resultant films,
as observed in RHEED and TEM studies. Both films had
comparable dislocation densities-8x10°cm™?), as well
as electron mobilitie~100 cnf/V sed. However, XRD
results show that the sample grown without a buffer step is
more compressively strained, as indicated by the increase in
the c parameter. The parameter is calculated to be 5.188 A
for the film grown on a low temperature buffer, compared to
5.1896 A for the film grown without a buffer step. These
} observations were mada situ as well, from the RHEED
T N T T patterns. It was observed that the epitaxial films were ini-
1.8 20 22 24 2.6 28 3.0 32 34 36 38 tially strained and relaxed as further deposition occurred.
The films grown on low temperature buffers seem to relax
very quickly, within the first 4—10 min of growttequivalent
FIG. 9. PL spectra from GaN films with different nitridation times taken at Of 10—25 nm. The films grown without a buffer, on the
300 (dotted liney and 77 K(solid lines. other hand, were found to be strained, sometimes even when
the film thickness exceededdm.

PL studies at 77 K showed that the GaN film grown with
obtain good GaN epitaxial films. The FWHM values quoteda buffer had a peak at 3.460 dvorresponding to the donor
for the completely nitridated sample at 30080 meV) and  bound excitons of wurtzite GaNvith a FWHM of 40 meV,

77 K (45 meV) are comparable to the state-of-the-art for as shown by the plot with solid line in Fig. 10. The GaN film
GaN samples with similar carrier concentratior- 10'° grown without a buffer layer, on the other hand, had a
cm 3). These values are also similar to the FWHM of Si- proader peak at 3.465 eV, with a FWHM of 47 méjbtted
doped GaN films grown og&-plane sapphire with the same
donor concentratioft This broadening is due to a combina-
tion of thermal broadening and potential fluctuations created
by the random spatial distribution of impurity atoms in the
host crystal and is consistent with the analysis of those fluc- with buffer
tuations based on Morgan's impurity band broadening . without buffer
model?

Several researchers have observed these transitions nea
3.27 eV earlie*~?® While some researchéfs® attribute
these peaks to donor-acceptor transitions in wurtzite GaN,
Moustaka$® proposed that this is a result of the zinc-blende
domains or isolated stacking faults in the wurtzite structure.
Such structural inhomogenities give rise to potential fluctua-
tions in the conduction band of about 0.2 eV, which is the
difference in the band gap between wurtzite and zinc-blende
GaN?® The direct correlation between the PL spectra and the
cubic domains observed in the TEM studies strongly support
the second hypothesis. Sample A

5 min Nitridation

PL Intensity (a.u.)

15 min Nitridation

Photon Energy (eV)

PL at 77K

PL Intensity (a.u.)

C. Films grown with nitridation and with/without low

temperature GaN buffer Sample B

The effect of low temperature GaN buffer on the film — T
properties was studied in two sets of samples as listed in 18 20 22 24 26 28 30 32 34 36 3.8
Table Il. Samples A and B were doped heavily with Si and Photon Energy (eV)
samples C and D were doped relatively less. In the samples
A and B, the presence of buffer layer did not make a signifi- FIG. 10. PL spectra at 77 K from samples A and B.
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FIG. 11. HREM of sample Agrown without buffey. The cubic domains
are indicated and marked as “ZB".

line in Fig. 10. The blue-shift of 5 meV is consistent with
the compressive stress observed in the film, as observed in
RHEED and XRD studies. This indicates that the buffer
layer results a partial relief of stresses in the films. Further-
more, the PL spectra from the films grown without a buffer
layer had a strong secondary peak at 3.27 eV, with LO pho-
non replicas at 3.19 and 3.11 eV. As discussed earlier, this
peak was attributed to cubic domains and/or isolated stack-
ing faults. Figure 11 shows a high resolution electron micro-
graph of the sample A near the interface. Zinc-blende do-
mains are clearly identified and are as large as 40 nm in Sonm@G. 12. TEM micrographs from sample C and D. The film grown without
cases. We could not identify any such cubic domains in filmpuffer layer shows predominantly d(_)main boundaf®s whereas the film
B, which was grown on a low temperature buffer. This pro-9"°Wn on buffer has very few domain boundaries
vides further support to our earlier correlation between the
transition at 3.27 eV and the cubic features.

In the lightly doped films, the benefit of GaN buffer was
more obvious. Specifically, the threading defects were preare not visible in the spectra taken at 300 K. The use of
dominantly inversion domains in the film without a buffer. pyffer dramatically reduced the PL features attributed to cu-
The inversion domain boundafibB) density was observed pic domains. The FWHM of the peaks associated with the
to be a factor 5 higher in sample C, compared to sample Dyeytral donor bound excitons for sample D are 38—40 and 22

This difference in the defect character is clearly shown byya\ 4t 300 and 77 K, respectively. These values are similar
TEM micrographs in Fig. 12. Figure 1@ is a bright field 1, o state-of-the-art in GaN films with 101" cm2 carrier

micrograph from sample C, showing predominantly dom"’"nconcentration and are very close to the values expected by

boundaries(marked by arrows On the pther hand,_Flgure the cumulative effect of thermal broadeni(8 meV at 300
12(b) shows a much smaller concentration of domain bounds

aries in sample D. This difference reflected in the transporgtrznd 10 meV at 77 K static disorder and inhomogeneous

1223
properties of the films as well. The electron mobility in the n- . - : "
film grown with a low temperature buffer is a factor of 2 With above described optimized nucleation conditions

higher than in the film without a buffer, as shown in Table I1. ©" A-plane sfapphlre, GaNSfllms w%re grown W't_h a wide
This, we believe, is due to the piezo-electric effect of thef@nge of doping levels< 10" to >10"cn) by varying the

different polarities in the samples. The quoted mobilities areilicon effusion cell temperature. Undoped films with very
lower than the best electron mobility in GaN grown 8n smooth surface morphology were grown with resistivity of

plane of ~400 reported by Doverspiket al3 Further opti- ~10°Qcm. In such highly resistive samples, accurate
mization of the growth process is required to match theséneasurement of carrier concentration is difficult, but we
mobilities. believe it is below 1&cm™3, since we can typically mea-

Figure 13 shows the PL spectra from samples C and D aure concentrations above that value. These resistive films
300 (dotted ling and at 77 K(solid line). The PL spectra at also showed good PL near 3.415 eV (FWHM6 meV) at
77 K from these samples also show peaks at 3.27 eV, whicB0O K.
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temperature buffer layer was found to affect the film proper-
ties favorably, especially in the films with low Si doping.
The PL transitions at 3.27 eV observed in the films with out
optimized nitridation or buffer were correlated with TEM
studies and attributed to the cubic domains in the films.
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