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molecular beam epitaxy. I. Near-band-edge luminescence and strain effects
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GaN nanowires with diameters of 50-250 nm, grown by catalyst-free molecular beam epitaxy, were
characterized by photoluminescence (PL) and cathodoluminescence (CL) spectroscopy at
temperatures from 3 to 297 K, and high-resolution x-ray diffraction (HRXRD) at =297 K. The
lattice parameters of the nanowires, determined by HRXRD, are in good agreement with recent
measurements of freestanding quasisubstrates; the relative variation of the lattice parameters
between the nanowires and quasisubstrates is =2 X 107*. Both as-grown samples, which contained
nanowires oriented normal to the substrate as well as a rough, faceted matrix layer, and dispersions
of the nanowires onto other substrates, were examined by PL and CL. The DX 4 line at 3.472 eV,
ascribed to excitons bound to shallow donors, was observed in low-temperature PL and CL;
free-exciton lines (X, at =3.479 eV, Xy at ~3.484 ¢V) were observed in PL at temperatures
between 20 and 80 K. The linewidth of the D°X, peak was larger in PL spectra of the nanowires
than in quasisubstrates. The broadening of the D°X, peak in PL of the nanowires is tentatively
ascribed to inhomogeneous stress/strain. In addition, the DX, peak was significantly broader in CL
than in PL spectra of the same nanowire samples. The further large broadening of the CL peak (as
compared to PL) is tentatively ascribed to Stark effect broadening, induced by the electric fields of
trapped charges that are created in the CL excitation process.

I. INTRODUCTION

The optical properties of GaN nanowires' and related
quasi-one-dimensional GaN structures are of great current
interest because of the potential applications in light-emitting
diodesz’3, laser diodes,4 and other photonic devices. Molecu-
lar beam epitaxy (MBE) is an attractive growth technology
for nanophotonic devices that require material with low im-
purity and defect content. Well-separated GaN nanowires of
good structural quality have been growns’6 by catalyst-free
MBE, whereas catalyst metal nanoparticles are often re-
quired to promote nanowire growth by chemical vapor
deposition>’™ (CVD) or physical vapor deposition'® (PVD).
Incorporation of catalyst metal impurities may have detri-
mental effects on the optical and electronic properties of
nanowires grown by the catalyst-assisted methods.

Photoluminescence (PL) and cathodoluminescence (CL)
spectroscopies are important techniques for investigation of
the electronic structure of wide band gap semiconductors,
including intrinsic, impurity, and defect-related states, and
the effects of stress/strain, electric fields, or other perturba-
tions. Low-temperature PL and CL measurements often pro-
vide more insight into the details of the electronic structure
than room-temperature (7=297 K in our laboratories) mea-
surements because of broadening and quenching of the emis-
sion peaks with increasing temperature. Review articles that
discuss PL and CL characterization of GaN and related ma-
terials include a general introduction to the growth and prop-
erties of III nitride semiconductors by Jain et al.;11 a review
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of electronic band structure by Vurgaftman and Meyer;12 and
a review of luminescence spectroscopy of defect and impu-
rity states by Reshchikov and Morkoc."?

In this study, wurtzite-structure GaN nanowires grown
by catalyst-free, nitrogen-plasma-assisted MBE were charac-
terized by PL and CL at temperatures from 3 to 297 K and by
high-resolution x-ray diffraction (HRXRD) at room tempera-
ture. Growth and structural characterization of these nano-
wire samples has been discussed previously.m_16 In this pub-
lication (Part I of the present study), the near-band-edge
region of the PL or CL spectrum is considered, with peaks
ascribed to free and shallow-donor-bound excitons. Strain
effects in the nanowires are estimated by comparison to
high-quality bulklike samples denoted ‘“quasisubstrates,”
which are presumed to be nearly strain-free. In a companion
article'” (Part II), lower-energy PL and CL peaks ascribed to
defect-related levels are discussed; in addition, CL quench-
ing induced by extended electron-beam irradiation is exam-
ined. In both parts of this study, our results are compared to
the literature on luminescence spectroscopy of GaN, includ-
ing studies of MBE-grown nanowires”'® quasi-
substrates,lg_24 and the review by Reshchikov'"® of defect-
related luminescence in a range of samples.

Il. EXPERIMENTAL PROCEDURE

The nanowire samples examined in this study are
designatedlé"15 samples B724 and B738. Each sample was
grown by catalyst-free, nitrogen-plasma-assisted MBE on an
AIN buffer layer on Si(111). Imaging'*'® by field-emission
scanning electron microscopy and dark-field transmission
electron microscopy (TEM), showed a rough, faceted, quasi-
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FIG. 1. Dark-field TEM images of nanowires and matrix layer, recorded
with a 01-11 reflection strongly excited near the 11-20 orientation, in
sample B724. (a) Image of AIN buffer layer, GaN matrix layer, and GaN
nanowires demonstrates that most nanowires originate at the AIN surface
(suggesting that matrix layer is not essential for nanowire nucleation). (b)
Higher magnification view of region inside rectangle in (a) reveals that
matrix layer contains a high density of planar defects residing on the basal
(0001) planes. (c) Image of portion of single nanowire (above matrix layer)
does not show contrast characteristic of planar defects or other extended
defects; the bandlike contrast in this image is ascribed to nanowire bending.

continuous “matrix layer” in addition to closely spaced but
discrete, approximately vertically growing nanowires. Dark-
field TEM images14 of sample B724, shown in Fig. 1, dem-
onstrate that most nanowires originate at the surface of the
AIN buffer layer and extend through the matrix layer. The
dark-field TEM images also reveal that the matrix layer con-
tains a high density of planar defects (e.g., stacking faults)
residing on (0001) basal planes, which generate diffuse
streaking along [0001] in electron diffraction patterns (not
shown). TEM images of the upper portions of single nano-
wires [Fig. 1(c)] do not show features characteristic of planar
defects or other extended defects; the light and dark bands
seen in Fig. 1(c) are ascribed to bending contrast.

PL and CL measurements of the as-grown samples did
not provide sufficient spatial resolution to resolve individual
nanowires or distinguish the nanowires from the matrix
layer. Therefore, “dispersed” nanowire samples were pre-
pared for optical characterization by ultrasonic agitation of
pieces of the as-grown samples in an organic solvent, fol-
lowed by transfer of the nanowire-solvent mixture to the new
substrate.”> Nanowires were dispersed onto optically trans-
parent sapphire substrates for PL, to enable collection of the
emitted light through the substrate, and onto AlGaAs/GaAs,
stainless steel, or Si/Ti/Au substrates for CL, to minimize
charging effects. Secondary-electron (SE) and CL micro-
graphs of nanowires from sample B738 dispersed on stain-
less steel are shown in Figs. 2(a) and 2(b), respectively, and
SE and CL micrographs of nanowires from sample B738
dispersed on Si/Ti/Au are shown in Figs. 2(c) and 2(d), re-
spectively. The nanowires are highly clustered and, further,
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are mixed with solvent residue (rounded black spots), in the
dispersion on stainless steel, while the nanowires are rela-
tively well-separated and free of visible solvent residue in
the dispersion on Si/Ti/Au. (Well-separated nanowires with-
out solvent residue were also observed in a dispersion of
sample B724 on stainless steel.) The variation of the mor-
phology of the dispersed samples is not yet understood.

It is presumed that the bottom portions or “roots” of the
nanowires mostly remained embedded in the matrix layer
during the dispersal processes. Hence, dispersed samples
contain primarily the upper portions of the nanowires (as
well as some matrix layer and nanowire root material). For
examination of the matrix layer and nanowire roots, a sample
was prepared by hand polishing of an as-grown sample with
1000 grit SiC powder to remove the top portions of the nano-
wires, followed by vigorous cleaning to remove any polish-
ing residue.

Lattice parameters of the as-grown samples were mea-
sured by x-ray diffraction (XRD) using a triple-axis diffrac-
tometer with a 4-bounce Ge(220) monochromator on the in-
cident beam and a Ge analyzer crystal with an acceptance
angle of 0.0033°. The c¢ lattice parameter was determined
from symmetric reflections at 0002, 0004, and 0006; the a
lattice parameter was then determined from asymmetric re-
flections at 10—14, 10—15, and 20-24.

For variable-temperature PL measurements, samples
were mounted in a continuous flow cryostat with temperature
control from 3 to 297 K. The as-grown samples [on 0.5 mm
thick Si (111) substrates] were clamped securely to a solid
copper cold-finger sample holder with beryllium copper
spring clips. The dispersed nanowires (on a 0.45 mm thick
sapphire substrate) were similarly clamped to a copper
sample holder with a 12.5 mm diameter aperture for optical
access in transmission. The sample temperature was esti-
mated from measurements with a calibrated rhodium-iron
sensor located in the heat exchanger of the cryostat; accord-
ing to the cryostat specifications, the temperature differential
between the sample holder and heat exchanger is =0.4 K.
The sample temperature was not corrected for the possible
differential between the heat exchanger and sample surface.

PL was excited by a 325.03 nm (3.813 eV) HeCd laser,
chopped at 900 Hz and incident angle (relative to the surface
normal) of =45. The laser intensity incident on the top sur-
face of the sample was =~3 X 10> W/cm? for measurements
of the as-grown samples and B724 dispersed on sapphire,
and 85 W/cm? for measurements of B738 dispersed on sap-
phire. The PL collected from the top surface (for as-grown
samples) or through the substrate (for dispersed samples)
was spectrally analyzed by a 300 mm monochromator with a
2400 line/mm holographic grating, and slit widths set to 0.10
mm. The PL signal at the monochromator exit slit was de-
tected with a photomultiplier tube and lock-in amplifier.
Spectrometer control and data acquisition were computer
controlled. The spectrometer wavelength or photon energy
calibration was established using spectral lines of the HeCd
laser and a Hg/Ar lamp (with absolute wavelengths taken
from the NIST atomic spectra database). The energy calibra-
tion uncertainty was *5X 107 eV from 325 to 546 nm.
[Note that all experimental uncertainties in this study repre-
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sent 2-standard-deviation (207 error bars.] PL spectra were
not corrected for the wavelength dependence of the spec-
trometer response function, whereas such a correction was
made for CL.

For CL measurements at =15 Kor 297 K, samples were
mounted with electrically and thermally conductive graphite
paste on the cold finger of a liquid-He cold stage in a LaBg
filament scanning electron microscope (SEM). The sample
temperature was estimated from measurements with a cali-
brated silicon diode sensor embedded in the cold finger. The
sample temperature was not corrected for the possible differ-
ential between the diode sensor and the sample surface. The
SEM beam voltage was 3.14, 4.89, 8.88, or 16.0 kV; accord-
ing to the Everhart-Hoff model®?° of electron-solid interac-
tions, the electron range R (maximum penetration depth) in
GaN is 48, 105, 300, and 840 nm, respectively, at these volt-
ages. (Carrier or exciton diffusion effects are not included in
the Everhart-Hoff model.) Most CL measurements were
done with the following beam settings: either (a) voltage
=3.14 kV, current=21.5 nA, power=6.8 X 10> W, spot di-
ameter =1 um; or (b) voltage=4.89 kV, current=8.2 nA,
power=4.0 X 107> W, spot diameter ~0.4 um. The spot di-
ameter (of the focused beam at the sample surface) was es-
timated from the image resolution. During CL data acquisi-
tion, the beam was rastered over a rectangular area between
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FIG. 2. SE and CL micrographs of
nanowires from sample B738, dis-
persed on stainless steel or on
titanium/gold-coated ~ silicon  (Si/Ti/
Au), taken in the CL/SEM system at
T=15K, with experimental condi-
tions as follows: (a) dispersed on
stainless steel, SE, beam voltage
=3.14 kV, current=21.5 nA, spot size
~1 um; (b) dispersed on stainless
steel, SE, higher magnification view of
a portion of the previous image with
the same beam parameters (the slant-
ing arrow near the top indicates a
nanowire with approximately vertical
image orientation); (c) dispersed on
gold-coated Si, SE, beam voltage
=4.89 keV, current=8.2 nA, spot size
~0.4 wm; (d) dispersed on gold-
coated Si, CL image of free and donor-
bound excitons (3.45-3.50 eV), view
of the same area as the previous image
with the same beam parameters.

2.8X 1073 and 2.1 X 10~* cm?. The peak excitation intensity
for CL, calculated from the incident power and focused spot
size, was thus 9X10° to 3 X 10* W/cm?, and the time-
averaged excitation intensity (over the raster scan period)
was 0.19 to 2.4 W/cm?,

The emitted CL was collimated by mirrors located near
the sample, transmitted through a fused-silica window in the
SEM, and refocused onto the entrance slit of a 0.34 m spec-
trograph, with a 600 line/mm grating and entrance slit width
of 0.05 mm. The spectra were recorded by a computer-
controlled, nitrogen-cooled CCD camera. The wavelength
resolution was 0.29 nm, which is equivalent to an energy
resolution of 2.3 X 107*E? eV, where E is photon energy
(e.g., the resolution was 2.8 X103 eV at 3.47 eV). The
wavelength scale was calibrated with atomic spectral lines,
similar to the procedure for PL; the wavelength uncertainty
was +0.02 nm, which is equivalent to an energy uncertainty
of £1.6 X 107E? eV. The CL spectra were corrected for the
wavelength-dependent spectrograph response, which was
measured with a tungsten-halogen lamp that had previously
been calibrated against a NIST standard irradiance source.
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FIG. 3. Low-temperature PL and CL spectra of samples B724 and B738 in
the near-band-edge (free-exciton and shallow-donor-bound exciton) region,
plotted on linear intensity scales: (a) as-grown, dispersed, and polished
pieces of sample B724; (b) as-grown and dispersed pieces of sample B738.
PL spectra were acquired at 3 K (polished piece of sample B724) or 10 K
(other samples); all CL spectra were acquired at ~15 K. Incident photon
energy for PL spectra was 3.813 eV; incident electron energy for CL spectra
was 3.14 keV. Spectra are rescaled to equalize the apparent peak intensities
for ease of visual comparison.

lll. RESULTS
A. PL and CL spectroscopy

Low-temperature PL. and CL spectra of as-grown and
dispersed pieces of sample B724 are plotted on a linear scale
in the near-band-edge region in Fig. 3(a); similar plots for
sample B738 are shown in Fig. 3(b). (Sub-bandgap peaks in
the PL and CL spectra are discussed in Part II of this
study”.) The line shapes of most of the PL spectra are
slightly asymmetric, with greater broadening on the low-
energy side. The CL peaks are significantly broader than the
corresponding PL peaks and show more sample-to-sample
variation. (In addition, the PL spectrum of sample B738 dis-
persed on sapphire is broadened and downshifted relative to
the other PL spectra.)

Curve-fitting analysis was performed to provide an em-
pirical description of the line shapes of the near-band-edge
PL and CL spectra shown in Fig. 3. The fitting function is a
sum of Gaussian or hyperbolic secant peaks (note that a hy-
perbolic secant function has a line shape similar to a Gauss-
ian, but with broader tails). All the PL spectra and most CL
spectra were fit with a sum of two peaks. The dominant,
higher energy peak is identified as the DX, peak (A exciton
bound to a neutral, shallow donor), which occurs at
~3.472 eV in all PL and CL spectra. The physical origin of
the lower-energy peak in the fit, denoted the L peak, is un-
known. The L peak may arise from one or more of the fol-
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FIG. 4. Low-temperature (10 K) PL spectrum of sample B724 dispersed on
sapphire, and low-temperature (=15 K) CL spectrum of sample B724 dis-
persed on AlGaAs: data and fitted curves. For each spectrum, the data are
plotted as small circles; the overall fitted function is plotted as a solid line;
the fitted D°X,, peak is plotted as a dash-dotted line; the fitted H peak (in the
CL spectrum) is plotted as a short-dashed line; and the fitted L peak is
plotted as a long-dashed line.

lowing mechanisms: excitons bound to shallow acceptors,
bulk defects, or surface states; electron-phonon coupling; in-
homogeneous stress/strain; Stark effect due to internal elec-
tric fields.

A few CL spectra of dispersed samples could not be fit
accurately with a sum of two symmetric peaks. These spectra
were fit with a sum of three peaks: the DX, peak, the L
peak, and a higher-energy (3.478-3.480 eV) peak denoted
the H peak. The physical origin of the H peak is also un-
known, and the H peak is poorly resolved from the DX,
peak. It should be pointed out that luminescence lines at
similar energy to the H peak have been identified in high-
quality GaN single crystals:23’30 DX, (B exciton bound to a
neutral, shallow donor) at =3.477 eV; X, (free A exciton) at
~3.479 eV, and X (free B exciton) at =3.484 ¢V. Further,
the D°Xp peak was resolved in low-temperature, linearly po-
larized PL spectra27 of single nanowires from sample B738.

Curve-fitting results for the PL spectrum of sample B724
dispersed on sapphire (two-line fit, D°X,+L), and the CL
spectrum of sample B724 dispersed on AlGaAs (three-line
fit, D°X,+L+H), are illustrated in Fig. 4. Because of the
unknown physical origin of the L and H peaks, and the poor
resolution of these peaks from the dominant DX, peak, the
L and H peaks will not be discussed further. However, the
curve-fitting results will be used to quantify the peak energy
(Epea) and full width at half maximum (W) of the D°X,
peak.

The fitted values of E., and W for the D°X, peak in
each low-temperature PL or CL spectrum are listed in Table
L. The uncertainties given for Ep and W in Table I were
estimated from covariance analysis of the y*> function (the
sum of squared deviations between the fit and data points).
The estimated E,., uncertainties also take into account the
photon energy calibration uncertainty of 1.05X 107E? (eV
units). The curve-fitting results from Table I are represented
graphically in Fig. 5. In this figure, the value of E., for
each fitted spectrum is represented by a square symbol, and
the vertical bars that encompass E,., represent the interval
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TABLE L. Curve-fitting parameters for the D°X, peak (shallow donor-bound
A exciton) in near-band-edge PL and CL spectra of GaN nanowire samples,
measured at 3-15 K. The fitted peak energy, E.. and full width at half
maximum, W, is listed for each spectrum. Uncertainties (which represent 2o
error bars) in the least significant digits are shown in parentheses; for ex-
ample, 3.4722(21) eV is read as 3.4722 eV+0.0021 eV.

Sample Epeak w
and measurement (eV) (eV)
B724, as-grown, PL 3.4715(5) 0.0031(1)

B724, dispersed 3.4717(5) 0.0042(1)
on sapphire, PL
B724, polished, PL 3.4714(5) 0.0036(1)
B738, as-grown, PL 3.4722(5) 0.0039(1)
B738, dispersed 3.4707(6) 0.0104(5)
on sapphire, PL
B724, as-grown, CL 3.4731(8) 0.0186(6)
B724, dispersed 3.4699(5) 0.0134(7)
on stainless steel, CL
B724, dispersed 3.4698(4) 0.0220(4)
on AlGaAs, CL
B724, polished, CL 3.4713(3) 0.0220(6)
B738, as-grown, 3.4711(2) 0.0164(2)
CL
B738, dispersed 3.4722(21) 0.0123(37)
on stainless steel, CL
B738, dispersed 3.4729(2) 0.0153(1)

on Si/Ti/Au, CL

from E e —0.5W t0 Epeq+0.5W, which can be considered to
represent the range of emission energies for an inhomoge-
neously broadened peak.

Literature results for the D°X, energies of quasisubstrate
samples grown at Samsung Advanced Institute of
Technology'® (Korea), and at Linkoping University
20-23(Sweden) are shown as short vertical bars without cen-
tral symbols, toward the right-hand side of the graph in Fig.
5. The vertical bars represent the Epe—0.5W t0 Ejeqc
+0.5W ranges for the D°X, peaks in the quasisubstrates. The
number of resolved DX, peaks in each quasisubstrate
sample was one (Ref. 20), two (Refs. 21-23), or three (Ref.
19). In samples where two resolved DX, peaks are ob-
served, the higher-energy peak is ascribed to Sig, donors and
the lower-energy peak is ascribed to Oy donors (see Ref. 19
and references therein).

The temperature dependencies of the near-band-edge PL
spectra from sample B724 dispersed on sapphire and sample
B738 as-grown are plotted on linear intensity scales in Figs.
6(a) and 6(b). Features on the high-energy side of the DX,
peak, which appear either as distinct peaks or “shoulders,”
are seen to become more prominent with increasing tempera-
ture. These features are ascribed to A and B free-exciton (X,
and Xjp) recombination, which is expected to become more
probable with increasing temperature because of thermal ion-
ization of the shallow donor-bound exciton and thermal
population of higher-energy states. Vertical arrows pointing
to the X, and Xy peaks at intermediate temperature
(=50 K), are shown in Fig. 6. The X, and X peaks were
best resolved for the as-grown piece of sample B738. The
peak widths are seen to increase with increasing temperature.
Because of the thermal broadening, the excitonic peaks be-
come unresolved at temperatures of 80 K or higher.
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FIG. 5. Summary of curve-fitting results for the D°X, peak in low-
temperature PL and CL spectra of GaN nanowire samples, and comparison
with literature results for quasisubstrate samples. Each nanowire spectrum is
identified by an index number (horizontal axis) as follows: (1) PL spectrum,
sample B724, as-grown; (2) PL, sample B724, dispersed on sapphire; (3)
PL, sample B724, polished; (4) PL, sample B738, as-grown; (5) PL, sample
B738, dispersed on sapphire; (6) CL, sample B724, as-grown; (7) CL,
sample B724, dispersed on stainless steel; (8) CL, sample B724, dispersed
on AlGaAs; (9) CL, sample B724, polished; (10) CL, sample B738, as-
grown; (11) CL, sample B738, dispersed on stainless steel; (12) CL, sample

B738, dispersed on Si/Ti/Au. The peak energy, Eqy. is represented by a

square symbol. Each peak is encompassed by a vertical bar from Epqy
—0.5W t0 Epey+0.5W, where W is the full width at half maximum. Litera-
ture results for the DX, peaks in freestanding quasisubstrate samples, from
Refs. 19-23, are shown toward the right-hand edge of the graph. Each
quasisubstrate peak is represented by a vertical bar from E.,;—0.5W to
Epea+0.5W (without a central symbol). The horizontal dashed and dotted
lines represent exciton energy shifts (relative to the unstrained DX, energy
of 3.472 eV) calculated for particular c-axis strains in a hydrostatic stress
model. The upper dashed line, upper dotted line, lower dotted line, and
lower dashed line correspond, respectively, to &.,=—1.6X 10~* (compressive
strain), e..=-9X 107 (compressive), &..=+1X10* (tensile), and e..=
+2.6X 107 (tensile).

The reason for the sample-to-sample variation in the
strength of the free-exciton peaks (relative to the DX, peak)
is not known. When comparing the excitonic region PL spec-
tra of different samples, it should be pointed out that the
relative intensities and linewidths of the X, and Xy peaks are
known to vary with excitation intensity, which was difficult
to ascertain in these measurements because of diffusion and
scattering of the incident laser beam in the nanowire
samples.

Room-temperature (T=297 K) PL and CL spectra of as-
grown pieces of samples B724 and B738 are plotted in Figs.
7(a) and 7(b), respectively. The observed peaks are compared
with the predicted room-temperature free-exciton (X,) en-
ergy of 3.408 eV in unstrained GaN (calculated from the
low-temperature X, energy of 3.479 eV observed in qua-
sisubstrates, and the Varshni parameters for the temperature
dependence of the band gap recommended by Vurgaftman:]2
@=9.09%10"*eV/K, 8=830 K). In sample B724, the PL
and CL emission peaks are downshifted from the calculated
X, energy of 3.408 eV, with a slightly larger downshift for
the CL peak. In addition, both peaks are broadened asym-
metrically on the low-energy side. The room-temperature PL
and CL emission peaks of sample B738 show increased
broadening as compared to sample B724; the CL spectrum
shows some fine structure, with a distinct peak at 3.373 eV
and a high-energy shoulder near 3.408 eV, as indicated by
the arrows in the figure. The downshift and asymmetric low-
energy broadening of the room-temperature PL and CL spec-
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FIG. 6. Temperature dependence from 3 to 100 K of near-band-edge PL
spectra of the following samples: (a) B724, dispersed on sapphire; (b) B738,
as-grown. The X, and Xy peak positions at intermediate temperature (7
~50 K) are indicated by vertical arrows.

tra may arise from a contribution of shallow band-tail states,
with energies slightly below the free-exciton (X,) energy, to
the radiative recombination processes at room temperature.
The origin of the band-tail states is not known.
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FIG. 7. Room-temperature (7=~297 K) PL (thin solid line) and CL (thick
dashed line) spectra of (a) sample B724, as-grown; (b) sample B738, as-
grown. Arrows indicate the calculated free-exciton (X,) energy at room
temperature (3.408 eV), and the observed CL emission peak of sample B738
(3.373 eV).
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B. Lattice parameters and strain determination

Independent strain measurements are required to quan-
tify strain effects on the optical properties. Accurate values
of the lattice parameters of the strain-free wurtzite-structure
GaN crystal, denoted (ay, ¢y), are required as inputs for strain
determination from HRXRD measurements. Based on a re-
cent HRXRD study of quasisubstrate GaN samples by Dar-
akchieva ef al.,** the room-temperature values of (ag,cq) are
estimated as ay=0.318 915(30) nm and co
=0.518 531(14) nm  (averages  of  the  reported
measurements>* from the top surfaces of four samples). The
values of Darakchieva et al.”* were accepted as working es-
timates of (ag,c,) for the following results: first, all samples
were freestanding single crystals with low defect and impu-
rity content (as shown by several independent measure-
ments); second, good agreement was found between the
measured lattice parameters of samples with thicknesses
from 30 to 380 um; finally, sources of error in the lattice
parameter determination were minimized by careful HRXRD
alignment and correction procedures.28

Lattice parameters similar to Darakchieva et al.** were
reported in other studies of high-quality GaN samples. In
particular, Leszczynski et al.®® estimated ap=0.318 85 nm,
¢o=0.518 50 nm (uncertainties not stated) from analysis of a
“broad spectrum of samples” including single-crystal plate-
lets, homoepitaxial and heteroepitaxial films; Torii et al>®
reported a=0.318 98(2) nm, ¢=0.51855(2) nm from Bond
method XRD analysis of a 70 um freestanding layer;
Paskowicz et al.’! reported @=0.318 940(1) nm, ¢
=0.518 614(2) nm from Rietveld refinement analysis of a
powder sample (with =6 wm particle diameter); and, room-
temperature (7=297 K) lattice parameters ¢=0.318 93 nm,
¢=0.518 51 nm can be deduced from the thermal expansion
data of Roder ef al.** for a 326 pm thick quasisubstrate layer
(“sample C” in that study). The fractional differences be-
tween the lattice parameters reported by Leszczynski,29
Torii,30 Paskowicz,3] or Roder,32 and those of Darakchieval,24
are seen to be less than 2 107*. [Lattice parameter values
ap=0.318 76 nm, ¢,=0.518 46 nm (uncertainties not stated),
based on an XRD study by Porowski® of a homoepitaxial
film on a Mg-doped platelet, are also sometimes cited. These
values, especially a, appear to be outliers compared to the
results of the other cited studies of high crystalline quality
GaN; further, few details on sample preparation or XRD
measurement procedure are given in Porowski.33]

Table II shows a and ¢ for samples B724 and B738,
determined by HRXRD as reported previously.15 In addition,
Table II shows the calculated strains based on the estimates
ap=0.318 915(30)nm, ¢;,=0.518 531(14) nm for the un-
strained lattice parameters. The calculated strains in the
nanowires (resolved from the matrix layer) within sample
B724, and in the nanowires+matrix layer (unresolved) in
sample B738, are less than the measurement uncertainty. Sig-
nificant strain is found in the matrix layer in sample B724;
the form of this strain (¢,>0, ./ <0, g./e,=—0.38) sug-
gests tensile biaxial stress in the basal (0001) plane.
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TABLE II. Room-temperature lattice parameters (a,c) of GaN nanowire samples B724 and B738 from high-
resolution x-ray diffraction, and strains (g,,&.) based on unstrained lattice parameters from Ref. 24: q,
=0.318 915(30) nm, ¢,=0.518 531(14) nm. Uncertainties in the least significant digits (which represent 2o

error bars) are shown in parentheses.

Sample a (nm) ¢ (nm) €, &,
B724, nanowires 0.318930(100) 0.518530(50) 0.00005(33) 0.00000(10)
(resolved from
matrix layer)
B724, matrix layer 0.319240(100) 0.518330(50) 0.00102(33) -0.00039(10)
B738 (primarily nanowires 0.318980(100) 0.518460(50) 0.00020(33) ~0.00014(10)

with unresolved matrix
layer contribution)

IV. DISCUSSION

Key characterization results for the GaN nanowire
samples are summarized as follows. Low-temperature PL
spectra showed a DX, emission peak at essentially the same
energy as observed in quasisubstrate samples of high crystal-
line quality, but with larger full width at half maximum (W
=3.1 meV to W=10.4 meV, with median value W=4 meV
for five PL spectra). In addition, the PL spectra showed
asymmetric broadening on the low-energy side of the DX,
peak, which was treated empirically in the curve-fitting
analysis by introducing a lower-energy L peak of unknown
physical origin. The full width of the D°X, peak was signifi-
cantly larger in low-temperature CL spectra (W=12 meV to
W=22 meV, with median value W=16 meV for seven CL
spectra) than in PL spectra of the same nanowire samples.
Free-exciton (X4 and Xp) peaks were observed in PL spectra
in the 30-80 K range. HRXRD lattice parameter measure-
ments showed low strain in the nanowires.

We suggest that the observed broadening of the low-
temperature, near-band-edge PL peaks in the nanowires (as
compared to quasisubstrate samples) may be caused by in-
homogeneous residual strain, possibly arising from strain
fields of structural defects such as dislocations or twin
boundaries, or thermally induced stress due to thermal ex-
pansion mismatch between the nanowire and substrate.
Strain effects on the exciton energies are quantified by pa-
rameters called the electronic deformation potentials. The
following analysis is based on the deformation potentials of
Gil* and Alemu (for the A exciton in wurtzite-structure
GaN), given by the equation

AE, =(-15.55¢, - 10.23¢,) eV, (1)

(where AE, is the strain shift of the exciton energy), and the
elastic constants of Yarnaguchi,35 which were obtained from
a Brillouin scattering study. (The deformation potentials of
Gil** are partially based on the elastic constants of
Yamaguchi,35 and hence should be used with these elastic
constants for consistency.) The measured shifts of the exci-
ton peaks of GaN with hydrostatic stress”™’ and residual,
c-plane stress™ agree well with the parameters of Gil** and
Yarnaguchi.35 Other researchers have reported somewhat dif-
ferent values for the electronic deformation potentials of
GaN, as discussed in Ref. 12; the use of different deforma-
tion potentials would not significantly affect our analysis.

The strain shift AE, can be calculated from Eq. (1) for
various stress models. For hydrostatic (fully isotropic) stress
oy, the result is AE,=—(0.0422 eV/GPa)oy=—(25.5eV)e,;
for equibiaxial stress o, =0y, in the c-plane (typical of
c-plane films on mismatched substrates), the result is AE,
=—(0.0218 eV/GPa)o,,=+(15.8 ¢V)g,; and, for uniaxial
stress o, along the c-axis (which might occur, for example,
in a nanowire with stressors at the ends of the wire), the
result is AE,=-(0.0203 eV/GPa)o,=-(6.68 eV)e,..

The horizontal dashed lines in Fig. 5 represent the upper
and lower limits of a hypothetical strain distribution that en-
compasses the full width at half maximum range (Epe.
—0.5W 10 Eep+0.5W) of the fitted D°X, lines in the low-
temperature PL spectra of the nanowire samples. The upper
dashed line shows AE, for c-axis strain of &,=—1.6X 1074,
and the lower dashed line shows AE, for c-axis strain of
£.,=+2.6X 107, in a hydrostatic stress model.

In addition, the horizontal dotted lines in Fig. 5 represent
the limits of a smaller strain distribution than encompasses
the full width range of the fitted D°X, lines in the PL spectra
of four nanowire samples (excluding sample B738 dispersed
on sapphire, which shows a significantly larger PL linewidth
than the other samples). The upper dotted line shows DX,
for c-axis strain of ,=—9 X 107, and the lower dotted line
shows DX, for c-axis strain of .=+1.0 X 107, in a hydro-
static stress model.

The magnitudes of the above strain distributions are
comparable to the uncertainties of the strain in the nanowires
as measured by HRXRD (Table II). Note that larger strains
would be required to produce the same energy shifts for
uniaxial stress along the c-axis, because of the smaller strain
shift coefficient for uniaxial stress (JE,/de.=—6.68 eV) than
for hydrostatic stress (JE,/de.=—25.5 eV).

We next consider the additional, large broadening of the
DX, peak in the low-temperature CL spectra (as compared
to PL spectra of the same samples). One possible mechanism
for differing PL and CL line shapes is different excitation
volumes within an inhomogeneous sample. However, the
penetration depth of the 3.813 eV incident photons in PL is
estimated to be 90 nm, while the range of the 3.14 keV
incident electrons in CL is estimated to be 48 nm; the effec-
tive excitation volumes are probably further increased by
carrier and exciton diffusion effects. It thus appears unlikely
that the line shape difference between PL and CL arises from
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different excitation volumes. We suggest instead that the ad-
ditional broadening of the CL peaks is Stark effect broaden-
ing induced by the electric fields of charges created in the CL
excitation process, and trapped at or near the surfaces of the
nanowires. Surface charging effects are known to be
common®® in CL-SEM, especially because of the high beam
currents typically used, e.g., 21.5 nA in this study. In addi-
tion, the surface charge Stark effects are expected to be
stronger in nanowires than in planar films because of the
high surface-area-to-volume ratio.

When considering a possible surface charge contribution
to the luminescence line shape, it should be pointed out that
surface charging may also occur in PL (i.e., photogenerated
carriers may be trapped at or near the surface); hence, sur-
face charge effects may contribute to the broadening of the
PL peaks in the nanowires, although to a lesser extent than in
CL.

V. CONCLUSIONS

Radiative recombination in as-grown and dispersed GaN
nanowire samples, grown by plasma-assisted MBE, was
studied by PL and CL spectroscopy at temperatures from 3 to
297 K. In addition, the lattice parameters of as-grown nano-
wires were measured by HRXRD at room temperature. The
lattice parameters of the nanowires are in good agreement
with recent measurements of freestanding “quasisubstrates,”
which suggests low average strain (<2 X 107*) in the nano-
wires. The low-temperature (3—15 K) PL and CL spectra of
the nanowires were dominated by the recombination of ex-
citons bound to neutral, shallow donor impurities (DX 4 cen-
ters, =3.472 eV). Free-exciton peaks (X, at =3.479 eV, and
Xy at =3.484 V) were resolved in PL spectra at tempera-
tures between 20 and 80 K. The full width at half maximum,
W, of the D°X, peak was broader in low-temperature PL
spectra of nanowires than quasisubstrates. The broadening of
the DX, peak in the nanowires is tentatively ascribed to
inhomogeneous stress/strain. The fitted full width at half
maximum, W, of the D°X, peak was significantly larger in
low-temperature CL spectra than in low-temperature PL
spectra of the same nanowire samples (the median value of
W for several CL spectra was 16 meV, while the median
value of W for several PL spectra was 4 meV). The further
broadening of the DX, peak in CL is tentatively ascribed to
Stark effect broadening induced by the electric fields of
trapped charges, which are created in the CL excitation pro-
cess.
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