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Abstract

Vertically oriented GaN nanocolumns (NCs) approximately 90 10 nm wide and 0.75 m tall
weregrown by plasma-assistednolecular beamepitaxy on Al ,03(0001) and Si (111). The dense
padking of the NCs givesthem the appearanceof a continuous Im in surfaceview, but cross-
sectionalanalysisshowvsthem to beisolated nanostructures.Low temperature photoluminescence
measuremelts of NCs show excitonic emissionwith a dominant, narrow peak certered at 3.472
eV and FWHM of 1.26 meV. This peakis identi ed asthe ground state of the A free exciton as
conrmed by re ection measuremets. Cross-sectionaltransmission electron microscoyy identi-
es the NC microstructure aswurtzite GaN and that the NCs are largely free of defects. The
GaN NCs are subsequeltly utilized as a defect free vehicle for optical studies of Si doped GaN;

and the donor state wasidenti ed through low-temperature photoluminescenceexperimerts.
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1 INTR ODUCTION

Wide bandgap,wurtzite semiconductorssud asGaN, AIN, and their alloys are employed
for high power transistors, optoelectronic applications, and are attractiv e for usein caus-
tic ervironmerts. Despitetechnologicaladvancesin group I11-nitride devicedewelopmen,

the e ects of defectsin thesematerials, due mainly to a lack of native GaN substrates,is
an ongoingconcern.Recenly, howewer, many epitaxial nanostructureshave beenreported
that are composedof relatively defect-freeGa,Al; «N crystals with nanometerwidths,
and lengths on the order microns [1{10]. While thesenanocolumns (NCs) take on a va-
riety of aerial densitiesand the results span a range of growth parametersand epitaxial
techniques,a key condition is that NC formation requiresepitaxial growth under nitrogen

rich conditions{ resulting in reducedGa surfacedi usion.

This comnunication discusseghe growth and characterization of tightly spaced,high-
guality GaN NCs. The NCs were grown by self-asserly on both Al,03(0001) and Si
(111) substratesby molecularbeamepitaxy (MBE). Cross-sectionatransmissionelectron
microscoy (XTEM) and X-ray di raction (XRD) studiesrevealedthe nanostructuresto
be wurtzite single crystals with no visible dislocations or extended defectswithin the
NCs. Low-temperature photoluminescencgPL) emissionfrom these NCs was obsened,
with intenseand spectrally narrow excitonic emission.Theseproperties have beenrelated
to the morphology and the microstructure, measuredby scanning electron microscogy

(SEM) and transmissionelectron microscopy (TEM), respectively.

2 EXPERIMENT AL

Gallium nitride columnar structures were grown by MBE on both Al,03(0001) and Si
(111). The sapphire substrateswere prepared by etching in 1:1 H,SO,:H3PO,4 at 200C
for 20 minutes, followed by a rinse in deionizedwater. A 5000A thick layer of titanium

was deposited on the badside of the sapphire substratesfor thermal absorption. The



Si(111) preparation consistedof a dip in 20% aqueousHF solution, followed by rinsing in

deionizedwater, beforeblowing dry under a liquid nitrogen boil o. The substrateswere
heatedto 725 C under an active nitrogen ux provided by an EPI Unibulb plasmasource
operated at 330 W and 0.65 sccmnitrogen ow. Substrate temperatureswere measured
using an optical pyrometer. An AIN nucleation layer was grown prior to the initiation of
the GaN NC growth at a rate of 0.4 A sec!. After the AIN bu er layer was deposited,
the substrate temperature was raisedto 810 C, and the GaN NC layer was deposited at

a growth rate of 0.7 A sec ®.

Photoluminescencespectroscoy was usedto analyzethe GaN nanocolumns. Measure-
merts were performedusing a He{Cd laser, with the sampleimmersedin liquid helium.
The spectra were analyzedusing a SPEX 1.26 m high-resolution spectrometer equipped
with an RCA C31034photomultiplier tube for detection. XSEM measuremets were per-
formedusingan FEI Strata DB 235scanningelectrommicroscope. The samplewasscored
using a diamond scribe, and cleared for a cross-sectionalmeasuremet Specimensfor
cross-sectionatransmission electron microscoly (TEM) studies were glued face to face
and then cut perpindicular to the substrate orientation. These cross-sectiorsliceswere
then thinned by medanical grinding, polishing, and dimpling followed by Ar-ion milling
to electrontransperancyusing a Gatan Precisionlon Polishing Systemwith a 5 kV beam
at an angleof 6 . Electron di raction patterns and bright eld imageswerethen obtained
from these thinned foils using a Philips CM-200 eld emissiongun TEM operated at
200kV.

3 RESUL TS AND DISCUSSION

Columnar morphologiesare found in many di erent heteroepitaxial material systemswith
highly mismatched lattice constarts [11]. Oneofthe rst reports of columnarpropertiesfor
gallium nitride wasgivenby Gaskill et al. [12]who usedmetal-organicvapor phaseepitaxy

with hydrazine asthe nitrogen source.While this was achieved under apparernly Ga-rich



conditions, the increasedsubstratetemperaturesextendedthe Ga adatomdi usion length,
and henceenhancethe the probability of a Ga adatom encourtering a N adatom before
being desorked. This is similar to increasingthe V/I 11 ux ratio and, as a consequence,
onecanenhanceGaN column formation [1]. The growth kinetics of GaN NC formation is
cortrolled primarily by meansofthe V/I 11 ratio and substratetemperature. The columnar
GaN structures shown in Fig. 1 are syrthesizedunder N-rich conditions. Similar behavior
for nanocolumn formation was obsened using either silicon or sapphireasthe substrate.
The GaN NCs, in this work, are oriented alongthe (0001) direction, and have an average
diameterof 90 10 nm. We have found that limiting the Ga ux towards a GaN growth
rate of 0.7 A sec ! allowed a signi cant substrate temperature range( 20 C) over which

a reproducible, densegrowth of uniform GaN NCs could be produced.

The SEM micrographin Fig. 1 is a GaN NC samplewhich showvs denselypadked columns
extending along the growth direction. TheseNCs give the appearanceof a nearly cortin-
uous Im in surfaceview, but are clearly isolatedwhenviewed in crosssection. The wafer
cleaving processcausedsomecolumnsto crad laterally, and electron charging above the
breakresultedin increasedorightnessof the top portion of the damagedcolumn (seearrow
in Fig. 1). This suggestshat vertical conduction occurs alongthe NC, but that charge
doesnot dissipatelaterally to adjacert columns.Therefore,a signi cant level of electrical

isolation betweencolumnsmust exist which limits conductionin the lateral plane.

An XTEM image of the gallium nitride nanocolumnsis shavn in Fig. 2. The microstruc-
ture is found to be wurtzite, and is generallyfree from extendedstructural defectsalong
the length of the column. Figure 2 shows a column with strain elds (far left) extending
from the surfacealongthe [000QL]. We suspect this is damageto the NC during the XTEM

samplepreparation process.The strain elds of the damagedNC are in cortrast to the
defectfree columnspresen in the sameimage. Otherwise, the NCs are free from defects,

and no evidenceof threading dislocations are found within the columns.

XRD measuremets on undoped GaN NCswereperformedto quartify the degreeof strain

presem within the columns. Averaging over the (0002), (0004), and (0006) symmetric



planesgivesan out of plane lattice constart value of c= 5:1897 1.8 10 # A. The in-
plane lattice constant, obtained by averagingover the asymmetric planes(1014), (1015),
and (2204) gives a value of a = 3:1835 25 10 3 A. In comparisonto the lattice
constarts for bulk GaN [13], our value for the in-plane lattice constart is compressiely
strainedat 0:4%. The in-plane lattice constart for bulk GaNis 2:7%]largerthan that
of AIN. The AIN nucleation layer, which is fully relaxed during the growth, will cause
the epitaxial GaN layer to experiencea large compressie stressat the initiation of the
GaN NC growth. This compressie stressmay be a critical factor in the kinetics of NC
formation. A secondpossiblesourceof the residualstrain in the NCsis from the di erence

in coe cien ts of thermal expansionbetweenthe epi-material and the substrate.

In general,epitaxial growth of I11-nitride semiconductingmaterial on highly mismatded
substrateshasresultedin emissionwith broad peaksfrom donor-acceptorpair transitions
well within the bandgap.[14] Quasi-substratesof GaN by high growth rate techniquessud
as hydride vapor phaseepitaxy have reducedthe \y ellow-band" emission[15], resulting
in signi cant improvemerts in the Im properties of gallium nitride. Howewer, it is costly

and not amenableto devicelayer growth due to the rapid deposition rate required.

Figure 3 represets a low temperature PL emissionspectra of GaN NCs. The dominart
PL emissionis certered at 3.472eV, with a full width at half maximum (FWHM) of 1.26
meV. This is aremarkably narrov FWHM for a GaN epitaxial material, and is illustrativ e
of what can be achieved using NCs in highly mismatced systems.There is alsoa small
shoulderon the high energyside of the A exciton at 3.479eV that we attributed to the
B exciton. A very weak, broad peak certered at 3.451eV can alsobe obsened in Fig. 3.
Its origin is as of yet uniderti ed, but is thought to be related to the oxygen donor.
Additionally, Fig. 3 shows a low intensity doublet at 3.417eV and 3.416eV respectively.
Similar to the results of Calleja et. al [1], we beliewe this emissionto be assaiated with
defectsnear the nanocolumn/bu er layer interface. Finally, photoluminescenceof GaN

NCs shav no \y ellow-band" emission.

PL re ection spectroscoy was usedto determine the nature of the exciton in the low



temperature photoluminescencaneasuremen Band-to-band absorption peakscan often
be obsened for the A, B, and sometimesC excitons.In comparingthe locations of the ex-
citonic emissionwith the correspnding absorption peaks(from re ection measuremets),
photoluminescencee ection data con rms that the exciton at the energylevel of 3.472
eV is assaiated with the ground state (n = 1) of the A free exciton. The domination
of the PL spectra by the A free exciton tells us that the NC material is generally free
from defects,and that the walls of the NC represei an energybarrier which con ne the

exciton to a single nanocolumn.

The e ect of silicon doping on the NC PL is shavn in Fig. 4, which shows the low
temperature PL emissionspectra of Si doped GaN NCs. As shawn in Fig. 4, high silicon
doping levels result in a broadeningof the PL emissionpeaks.The emissionspectra can
be t to two Gaussianfunctions (not shavn). The rst peak, t at 3.473eV, is similar in
origin to the undoped GaN NC, but at a slightly higher energy We beliewe this energy
shift is due to strain elds in the heavily doped NCs. The secondpeak at 3.464¢€V is
attributed to the Si donor state. The separationof 9 meV betweenthe rst and second
peakssuggestshe secondpeakis a neutral donor-bound exciton. A third peak certered

at 3.432eV is similar to that seenin Fig. 3 and was descriked earlier.

4 CONCLUSIONS

We have reported the growth details for syrnthesisof tightly spacedGaN NCs by molecular
beamepitaxy on both sapphireand silicon. The NCs have a diameterof 90 10nm, and
a length of the Im thickness.Detailed analysisusing XTEM and XRD on the GaN NC
Ims iderti es the microstructure aswurtzite GaN and revealsa surprisingly low defect
density within the NCs. Low temperature PL of the undoped NCs producesintense,
narrow excitonic emissioncertered at 3.472eV with a FWHM of 1.26 meV. This peak
is determinedto be the ground state energy of the A free exciton by photoluminesence

re ection spectroscopy. The GaN NCs are electrically isolated from one another, as seen



in XSEM. In addition, the GaN NCs have beenusedto study the Si donor state. Doped

NCs show a PL signature consistem with a donor bound exciton in addition to the strong

A exciton emission,with a donor level 9 meV below the A free exciton peak.

We thank D. Look and D. Reynoldsof Wright-State University for their many insightful
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Fig. 1. SEM image of GaN NCs. The arrow identies a NC which has cradked in the cleave

processand exhibits charging on the upper portion of the column.

Fig. 2. XTEM imagesin (1120) of GaN NCs. The far left shows strain elds from TEM prepa-

ration methods, while other nanocolumns are defect free.
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Fig. 3. PL spectrum of GaN NC material at T = 4 K. A Gaussiant to the peakgivesa FWHM
= 1.26 meV cenrtered at 3.472eV. The secondarypeaksat 3.451and 3.417eV areidentied as

a donor peak and nanocolumn/bu er layer interface peak, respectively.
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Fig. 4. PL of Si-doped GaN NC material at T=4 K. A Gaussiant givesa FWHM = 5.24meV
certered at 3.473eV, with a silicon donor level 8.9 meV below the main peak. The peakat 3.432

eV is attributed the to nanocolumn/bu er layer interface.
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