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Nanostructured GaN: Microstructure and optical properties
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In the present study, the microstructure and optical properties of a nanostructured composite that consists of
nanocrystalline GaN imbedded in a pohethyl methacrylatethin film matrix (GaN/PMMA) are reported.
X-ray powder diffraction and high-resolution transmission electron microscopy were performed to analyze the
microstructure, while the optical properties were measured by optical absorption and photoluminescence.
Microstructural analyses showed that GaN nanocrystallites imbedded in the PMMA matrix have a size of about
5.5 nm, and crystallize in the zinc-blende lattitiee lattice constardy~0.45 nm with a considerable fraction
of structural defects such as nitrogen vacancies and stacking faults. Optical-absorption measurements indicate
that the band-gap energy of the GaN/PMMA composite is approximately 3.51S€¢63-18296)01148-4

I. INTRODUCTION IIl. EXPERIMENT

Synthesizing GaN semiconductors through a chemical

Gallium nitride (GaN) and related IlI-V nitrides have re- :
. . -~ =" process was achieved decades atfoHowever, only re-
cently attracted extensive experimental and theoretical inter- . : . :
cently, success in preparing good-quality nanosized GaN

est due to their physical properties, such as a wide and direﬁ%rough chemical processes was demonstét&dhe nano-
band gap, low compressibility, and high thermal conductiv-

ity, which make them strong candidates for short-waveIengtr?trucmreol GaN used in this work was prepared by reacting

. . . : LiN (CH,), with GaCk in hexane at room temperature to ob-
electroluminescent devices and high-temperature/high POWeL. ihe aminogallane precursor fdMe,].. This product
diodes and transistofs The development of the IlI-V 216

nitride-based technology requires continuous advances iﬁlas filtered, crystallized, and purified by vacuum sublima-

material preparation and device processing technolo .Thin—'on'_The aminogallane was decomppsed un.der floyving am-
brep P g 9y onia gas fo4 h at 600 °C. Theesulting grayish solid was

film preparation techniques have already shown a successfll] ) .
realization of high quality GaN films, demonstrating bright stored and handled under an inert atmosphere to prevent oxi-

light-emitting diodes(LED’s) (Ref. 4 and short-wavelength dation. This sample yvill be plenoted as nano-GaN. Part of the
laser-diodegLD’s) (Ref. 5 in blue and blue-green regions. latter (60 mg was mixed with 1 ml of methylmethacrylate,
Particular interest is currently centered on advanced chemthen sonicated, decanted, and thermally polymerized at
cal synthetic routes for producing a size-controlled nanocrys?2 °C for 50 min. This sample will be denoted as a GaN/
talline GaN semiconductdrThis latter will continue to emit PMMA composite. A detailed description of the synthesis is
more efficiently due to its direct electronic transition. Inter- reported elsewhef®. The crystalline structure of both
estingly, in growing a reduce-sized semiconductor distrib-samples was analyzed by x-ray powder diffraction using a
uted in an optically transparent matrix, quantum-size effectSiemens D-5000 diffractometer equipped with a Caj ra-

are reported to be very importahin such composites, in diation source and a graphite monochromator. The intensity
addition to a possible increase of the band-gap energy aevas determined by step scanning in the 10°-130° range,
companied by a shift of excitons to higher energies owing towith a 20 step of 0.02° each 3 s. The crystalline structure of
guantum confinement effects, one also would expect an erihe compounds was refined using the Rietveld technique as
hancement in the third-order nonlinear optical susceptibilitydescribed in the new version of thEsws-9411 program*?
(x°).2 For these reasons, quantum-dot composites are a prorithe profile-breadth fitting was determined considering the
ising future semiconducting device material. In this study,averaged crystallite size and crystal-microstrain parameters
we report the microstructure and optical properties of a nanodsing the pseudo-Voigt function as modified by Thompson,
structured composite that consists of nanocrystalline GalNox, and Hasting$® High-resolution transmission electron
imbedded in a polgmethyl methacrylatethin film matrix. microscopy(HRTEM) was performed, using a JEM4000EX
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FIG. 1. (8 X-ray-diffraction pattern of nano-GaN. Dots illus-
trate experimental data, while the solid line shows the pattern ob-
tained from the Rietveld refineme(R,,,=0.103. The refined pat-
tern was obtained by mixing cubiR-c=0.008 and hexagonal
(Rey=0.009 GaN phasedb) X-ray-diffraction pattern correspond-
ing to the GaN/PMMA compositeR,,: residual considering the
whole patternRgc: residual considering factor structures of cubic
GaN; Rgy: residual considering factor structures of hexagonal
GaN).

FIG. 2. Typical low-magnification HRTEM micrographs show-

. ing th i truct f th -GaN d din thé
electron microscope operated at 400 keV, for both sampleggN /stiocsormugc:gﬁeO &) nano-GaN powder and in )

For nano-GaN, the sample was prepared by simply grinding

the powder between two glass plates, and bringing the fingoherence length calculated from the Debye-Scherer formula
powder into contact with a holey carbon-coated copper TEMyt apout 2.8-0.3 nm. In fact, the simulation considers that
grid under a nit.rogen atmosphere. In the case of 'ghe GaNd5ch particle consists of a majorify6.76)%)] of zb-GaN
PMMA composite, the specimen was embedded in epoxyyixed with a smaller amouri23.34)%] of w-GaN in such a
resin, and sliced dow_n toa thlckness of abou; 80 nm using Gay that the(111) GaN,, crystallographic axis is parallel to
LKB Ultrator_ne V equipped with a diamond knife. The sllce_s the (000)GaN, axis. This result suggests that nano-GaN
were then picked up onto a carbon-coated copper TEM gridyayticles mainly crystallize in the zb lattice, with some stack-
Absorption measurements were obtained with a Perk|n|~ng disorder along the(111) axis. The lattice constant
Elmer Model 330 double-beam spectrophotometer, and ph(ﬁnano-eaw deduced from our x-ray Rietveld refinement is
toluminescence(PL) measurements were performed usingg 450a2) nm, which is consistent with measurements previ-
the third-harmonic frequency of a pulsed Nd:YAGtrium  ysly reported. The x-ray pattern corresponding to the GaN/
aluminum garnetlaser(355 nm as an excitation source and ppMA composite is shown in Fig.(h), indicating two low-
a photon counter detector. angle reflections originating from a high range order within
the PMMA polymer matrix, along with a shouldé@rrow) at
26=35.5° attributed to th¢111} reflection of GaN. Because
the signal-to-noise was too weak, no refinement was per-
Experimental (dot9 and theoretical(solid line) x-ray-  formed. Preliminary chemical analy$es the as-synthesized
diffraction patterns are presented in Figa)lobtained from GaN showed a nitrogen-poor materi@a:N=1:0.89 that
nano-GaN. The pattern clearly exhibits #id 1}, {220}, and  contains traces of carbof0.8 wt%) and hydrogen(0.5
{311} reflections of the metastable cubic GaN phase, knowiwt %). Thermodynamically, a Ga interstitial should be much
earlier as the sphalerite structtffand later as zinc blendg,  more difficult to form in a zb-GaN thma N vacancy. Thus,
at angles 2 of 35.5°, 58°, and 69°, respectively. The asym-it is reasonable to assume that the GaN nonstoichiometry is
metry of the first reflection can be interpreted as an overlapdue to N vacancies.
ping of the{111} and a confined002 of weak intensity. Typical low-magnification electron micrographs of nano-
X-ray refinement using the Rietveld method shows that th&GaN and GaN/PMMA are shown in Figs(a and 2b), re-
best match with experiment is obtained when considering apectively. An overview of the formefFig. 2(@)] shows
structure that is a mixture of zinc blendeb) and wurtzite large porous particles of about 30 nm in size. A highly mag-
(w) GaN phases, with a particle size determined from thenified image[Fig. 3@)] indicates that each of these large

Ill. RESULTS AND DISCUSSION
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FIG. 3. HRTEM micrographs showing the atomic structure of
the nanostructured GaN crystallites in tft® nano-GaN powder

FIG. 4. High-magnification HRTEM showing structural defects
and in the(b) GaN/PMMA composite. g g g

in the nanocrystalline GaN sample. Note the high density of the

. . stacking disorder. Apparently, the disorder in the microgrélis
particles is actually composed of small agglomerated CryStaIZidimensional, while in(b) the disorder is one dimensional.

lites, each about 3 nm in size, in accordance with the value
deduced from the above x-ray data. In return, the GaN/

PMMA composite[Fig. 3(b)] shows highly dispersed GaN tively low temperatures, the high density of stacking defects
crystallites with an average size around 5.5 $mhich is  would enable the zb-GaN structure to be dominant. A tran-
slightly higher than that in nano-GaN, partly due to the in-sition to thew-GaN phase might be expected at high tem-
corporation process and the deagglomeration mechanism peratures. Generally, a lack of high-quality zb-GaN in fact
the nanocrystallites within the polymer matrix. Examinationexplains the reason why most of the interest was focused on
of the crystallite structure in both samplfSigs. 3a) and thew-GaN thin films(partly due to the presence of adequate
3(b)] shows that structural defects are very abundant. Indeedubstrates although cubic GaN should theoreticafiyex-
close analysis of the atomic structure in nano-Gdfigs.  hibit superior electronic properties because of the isotropy of
4(a) and 4b)] indicates very short-range order and a consid-ts lattice.

erable number of stacking faults. Particularly in Figh)} a Figure 6 shows the optical-absorption spectrum obtained
typical stacking fault is illustrated in which the change in theat room temperature from the GaN/PMMA composite. The
stacking can be regarded as a formationwofsaN nano- energy gap was determined to be 3.51 eV by fittingur
domain. This result, on one hand, confirms the mixture of theexperimental data for the absorption coefficient from 250 to
zb- andw-GaN structures considered in our x-ray analyses475 nm. As expected, this value is slightly larger than those
and, on the other hand, would explain the asymmetry obpreviously reported for zb-Gal8.45 eV[Ref. 15b)] and 3.2
served in the first x-ray reflectidsee Fig. 1a)]. In addition eV (Ref. 18). The shift to higher energies observed in the
one can notice that the order range is higher in the GaNéptical absorption suggests that quantum confinement is tak-
PMMA,; in other words, the incorporation of nano-GaN in ing place. Also, the spectrum exhibits an exciton absorption
the polymer remarkably reduces the stacking disorder derfeature(3.73 e\j near the absorption edgsee the arrow and
sity. At this stage, it is not clear whether the reduction of theinset in Fig. §. The exciton and band-gap energies actually
disorder is due to the increase of the nanocrystallite size, areported are in good agreement with their dependence on the
to the surrounding polymer that would stabilize the termina-size distribution of the GaN nanocrystallites as tested using
tion of the nanocrystallites or to both effects. Figuréa)5 the effective-mass approximatién®<° The photolumines-
and 5b), respectively, show the kind of defects encounterecdcence spectrum obtained from GaN/PMMA gave results
in the GaN/PMMA composite, namely, twins and stackingthought to be a mixture of various electronic events, al-
faults. Generally, stacking faults are structural features thahough an emission in the blue region was clearly obtafhed.
have widely been reported to exist in zb-GéRefs. 11, 14, The information derived from luminescence obtained from
and 15 and in most zinc-blende IlI-V analogues. Normally, zero-dimensionalOD) systems often tends to be more com-
GaN crystallizes in the wurtzite crystal structure. At rela-plex than that from absorption. In this context, one of the
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FIG. 6. Optical-absorption spectrum obtained at room tempera-
ture from the GaN/PMMA composite. The inset shows the exciton
absorption feature obtained as the difference between experimental
data and the fitting to the absorption edgeashed ling

nificantly for nonspherical shapes. Furthermore, extra fea-
tures observed in the luminescence spectrum obtained from
GaN/PMMA probably originate from surface states associ-

ated with nanocrystallite termination and changes in the po-
tential due to structural defects and N vacancies. Further
studies are needed to fully interpret our luminescence results.

FIG. 5. High-magnification HRTEM showing, respective{g)
a twin and(b) stacking faults observed in the GaN/PMMA compos-
ite.

parameters that can affect the luminescence profile is the IV. CONCLUSION

shape_ of thg nanocrystallites. The majority of the models |, summary, we have presented a study on the microstruc-
used in the literature to cal.culate energy levels for 0D SYSture and optical properties of a nanocrystalline GaN imbed-
tems usually assume spherical shapes for ease of calculatiqfeq in a polymethyl methacrylate thin-film matrix. The

In the case of a zb-GaN structure, the shape of the nanocrygynocrystalline size distribution was found to be centered
tals can be assumed to be spherical if they are free of staclgyong 5.5 nm. The GaN structure within the composite was
ing disorder. The shape would adopt a configuration iraynd to crystallize in the zinc-blende lattiGihe lattice con-
which the GaN nanocrystallite grows along the four equiva-giant close to 0.45 npwith a considerable fraction of struc-
lent fast(111) growth directions. If stacking faults occur y,rg| defects such as N vacancies and stacking faults. The

along one of thosel1l) directions, as demonstrated in the opiical-absorption measurements indicate that the band-gap
HRTEM images, the nanocrystallite will tend to grow longer gpergy is 3.51 eV.

in the stacking fault direction, resulting in a departure from a

spherical shape. In these circumstances, one can use the ACKNOWLEDGMENT

spherical approximation for the absorption spectra

descriptior?! but the luminescence is expected to differ sig- We thank L. RendorflUNAM) for his technical help.
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