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An enhanced stimulated emission was observed in optically pumped GaN nanopillars. The
nanopillars were fabricated from an epitaxial wafer by patterned pillar etching followed by
crystalline regrowth. Under optical excitation, a strong redshifted stimulated emission peak emerged
from a broad spontaneous emission background. The emission is attributed to the electron-hole
plasma gain at high carrier density. The emission slope efficiency was greatly enhanced by 20 times
compared with a GaN substrate under the same pumping condition. The enhancement is attributed
to the better photon and gain interaction from the multiple scattering of photons among
nanopillars. © 2011 American Institute of Physics. [doi:10.1063/1.3570634]

Gallium nitride has attracted great research interests due
to promising applications in UV to blue optoelectronic de-
vices and its strong emission properties. In the past, GaN
devices are typically built from epitaxial thin film in a two-
dimensional structure. Recently, devices in one-dimensional
nanostructure have gained substantial attention for their
interesting properties and potential applications.l_3 The
nanodevices, known as nanowires or nanopillars, can be fab-
ricated by self-assembled and selective area growth by mo-
lecular beam epitaxy and metalorganic chemical vapor depo-
sition (MOCVD).*® The as-grown nanowires or nanopillars
have shown improved material quality, size confinement ef-
fect, and significantly enhanced light emission properties.L9
Stimulated emission was reported from optically pumped
GaN nanowires.*'*!!

In this letter, we report the observation of enhanced
stimulated emission from GaN nanopillars fabricated by dif-
ferent technique. The nanopillars were fabricated by pat-
terned etching followed by crystalline regrowth from an ep-
itaxial wafer. The nanopillars have an average diameter of
250 nm and a height of 660 nm standing on a GaN substrate.
When the sample was optically pumped from the nanopillar
end surface by a 355 nm laser with a 37 um spot size, a
strong redshifted stimulated emission peak emerged from a
broad spontaneous emission background. The emission peak
was redshifted from the spontaneous emission peak by
~5 nm. In previous reports, 1011 re dshifits ranging from 5 to
above 10 nm were observed, however, without much detail
analysis for the underlying mechanism. By analyzing the de-
pendence of redshift on carrier density, we attribute the red-
shifted emission in our sample to electron-hole plasma gain
under high carrier density excitation. The slope efficiency of
stimulated emission was greatly enhanced by 20 times com-
pared with that from a GaN thin film substrate under the
same pumping condition. We remark that the enhancement is
due to better gain and photon interaction enabled by the mul-
tiple scattering of photons among nanopillars.

The GaN nanopillar sample was fabricated by self-
assembled Ni nanomasked etching and crystalline regrowth
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from a GaN epitaxial substrate. A 300 nm Si;N, thin film
was first deposited on a 3 wm GaN thin film substrate by
plasma-enhanced chemical-vapor deposition, followed by
subsequent deposition of a Ni thin film by electron-beam
evaporation. The sample was subjected to rapid thermal an-
nealing at 850 °C under nitrogen ambiance for 1 min to
form self-assembled Ni nanomasks on the SizN, film surface.
Reactive ion etching (RIE) was conducted to etch the SizN,
film using a CF4/0O, gas mixture to transfer Ni nanomask
pattern down to the Si;N, layer. The sample was subse-
quently etched down to GaN by an inductive coupled plasma
RIE (ICP-RIE) system (SAMCO ICP-RIE 101iPH) operated
at 13.5 MHz under a gas mixture of Cl,/Ar=50/20 SCCM
for 2 min to form nanopillars. The ICP source power and the
bias power of the ICP-RIE system were set at 400 W and 100
W, respectively. The sample was dipped into a nitric acid
solution (HNO;) at 100 °C for 5 min to remove Ni nano-
masks. Finally, the etched GaN nanopillars were put back to
MOCVD epitaxial regrowth. The Si;N, mask was intention-
ally left on top of nanopillars to prevent the growth in the
vertical direction. Figure 1 is the scanning electron micro-
scope (SEM) plane view image of the fabricated nanopillars.
The irregular shape was originated from the self-assembled

FIG. 1. (a) SEM top view image of fabricated nanopillars, showing M-plane
and R-plane crystalline facets.

© 2011 American Institute of Physics


http://dx.doi.org/10.1063/1.3570634
http://dx.doi.org/10.1063/1.3570634
http://dx.doi.org/10.1063/1.3570634

121101-2 Lo et al.
= -~
= =
& .
=y £
@ v
=
2 g
= =
= )
&~ N N N N e | =%

358 362 366 370 374 378 382 358 362 366 370 374 378 382

Wavelength (nm) Wavelength (nm)

~ -~
s —104 s L —_—4
il Sy [ () =
~ (c) —8.8 ~ 7.7
= I > 65

8.0 =
= = 57
2 r —_7.2 2 .
@ | —_—06.4 2
= —5.6 E
=} —4.8
1 -
A =

364 366 368 370 372
‘Wavelength (nm)

358 362 366 370 374 378
‘Wavelength (nm)

FIG. 2. (Color online) PL spectra of optically pumped nanopillars at (a)
below threshold, (b) around threshold, and (c) above threshold. The legends
are pump intensity levels in megawatt per centimeter square. (d) PL spectra
of GaN thin film substrate.

Ni nanomasks. The regrowth grew additional GaN on the
side walls of the etched pillars and formed hexagonal

M-plane {1120} crystalline facets. It also formed inclined

R-plane facets {1122} close to the top of nanopillars. The
purpose of regrowth was to reduce surface defects created
during the ICP-RIE process. The height and the average di-
ameter of nanopillars were 660 nm and 250 nm, respectively.

The nanopillar sample was optically excited by a tripled
Nd:YAG 355 nm pulse laser at room temperature. The pulse
width was 0.5 ns and the pulse repetition rate was 1 kHz. The
laser beam was focused on the sample surface by a 15X UV
microscope objective. The nanopillars were pumped from
their end surfaces and the pump spot at sample surface had a
Gaussian intensity profile with 1/e* diameter of 37 um.
Given the distribution of nanopillars, there were thousands of
pillars covered by the pump spot. The photoluminescent (PL)
spectrum was collected by the same UV objective and
coupled into an optical fiber connected to the input of a
spectrometer (Jobin Yvon IHR320) with nitrogen cooled
charge-coupled device array.

The PL spectra of nanopillar sample at various pump
power intensities are shown in Figs. 2(a)-2(c), where the
legends are pump intensity levels in unit megawatt per cen-
timeter square. The pump intensity increases in constant step
in all figures. At low pump intensity [0.8 MW/cm? curve in
Fig. 2(a)], the spontaneous emission spectrum has a maxi-
mum around 364.5 nm, which is the nominal emission wave-
length of GaN.">" As pump intensity increases, the 364.5
nm spontaneous emission increases in constant increments
while an emission peak starting to emerge at around 369 nm.
As pump intensity increases further [Fig. 2(b)], the 369 nm
peak increases in fast growing (instead of constant) steps.
The intensity increase is superlinear and evidently indicates
the threshold of stimulated emission. The 364.5 nm sponta-
neous emission background, in contrast, still increases in
constant steps and becomes insignificant compared with the
369 nm peak. Above the threshold [Fig. 2(c)], the 369 nm
emission continues to increase in large steps and at the same
time slightly redshifts with increasing pump intensity as in-
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FIG. 3. (Color online) (a) PL intensity of nanopillar at 364.5 nm and 369 nm
vs pump intensity, showing the onset of stimulated emission of 369 nm. The
linewidth reduces from 4 nm to below 1 nm across threshold. (b) The 369
nm intensity vs pump intensity for the nanopillar and the thin film GaN
sample. The slope efficiency of nanopillar is enhanced by 20 times com-
pared with the thin film sample.

dicated by the dotted trend line. The 364.5 nm spontaneous
emission background becomes totally negligible compared
with the emerging 369 nm emission. For comparison, the PL
spectra [Fig. 2(d)] of a thin film GaN reference sample from
the same epitaxial substrate used to fabricate nanopillar was
also measured. At low pump intensity, the PL spectrum has
an emission peak around 362.5 nm. The wavelength is
shorter than that in nanopillar sample. This variation could
be due to strain difference between these two samples from
the epitaxial regrowth. As pump intensity increases, a peak
emerges at longer wavelength similar to the nanopillar case
but with much slower increasing rate. The peak wavelength
still slightly redshifts with increasing pump intensity. The
stimulated emission of the redshifted emerging peak is less
obvious compared with that in the nanopillar sample. It is
worth to note the drastic spectral difference between Figs.
2(c) and 2(d). The emerging peak remains comparable to the
spontaneous emission peak in the thin film GaN, whereas it
is significantly large enough to make spontaneous emission
peak totally negligible in the nanopillar sample.

To further reveal the stimulated emission threshold of
nanopillar sample, the 369 nm peak intensity and its full
width at half maximum linewidth versus pump intensity are
shown in Fig. 3(a). It clearly shows the onset of 369 nm
stimulated emission around pump intensity at 5.5 MW/cm?.
The linewidth substantially decreases from 3.6 to 1 nm
across the threshold. The 364.5 nm spontaneous emission
peak intensity is also included for reference, which has only
a very modest linear increase through out the pump range.
The 369 nm peak intensities versus pump intensities for
nanopillar and reference sample are shown in Fig. 3(b). The
stimulated emission slope efficiency in the regrown nanopil-
lar sample is greatly enhanced by 20 times compared with
that in the reference sample. We remark that this large en-
hancement is due to the better carrier confinement provided
by the nanopillar structure and the increase in photon sojourn
time due to the multiple scattering among nanopillars. As a
result, there is a stronger gain and photon interaction and the
stimulated emission efficiency is greatly enhanced. This is in
contrast to the bulk GaN material where there is no lateral
confinement to enhance gain and photon interaction.

We remark that the gain mechanism of this emerging
peak is due to electron-hole plasma at high carrier
density. Given the absorption coefficient of GaN 1
X 10> ¢cm™! and radiative carrier recombination coefficient
1.3% 107 cm3s™! from reported studies,'™'” the optically
excited carrier density in the center region of Gaussian pump
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FIG. 4. (Color online) The redshifted peak energies of nanopillar and thin
film GaN vs cubic root of excited carrier density. The straight lines are least
square fittings.

spot at threshold pump intensity 5.6 MW/cm? is about 8.7
X 10" c¢cm™. This is in the range of typical reported Mott
transition density 10'8-1 cm™3.'® Above this critical density,
electron-hole plasma is the major gain mechanism.'"'® A
symptomatic behavior of electron-hole plasma emission is
the linear redshift with the cubic root of carrier density,
which can be predicted by band-gap renormalization calcu-
lation. It describes the lowering of transition energy E,=E,
—an'? at above Mott carrier density, where E is the band
gap transition energy, n is the carrier density, and a is the
renormalization coefficient. The observed redshift in emerg-
ing peak energy versus the cubic root of the excited carrier
density of the nanopillar sample is shown in Fig. 4. The least
square fitting line of the above equation to the experimental
data is also included, which gives fitted parameters E|,
=3.40 eV and a=20X 1078 eV cm. The fitted energy corre-
sponds to 364.66 nm, which is in very good agreement with
the observed spontaneous emission peak 364.5 nm
[0.8 MW/cm? curve in Fig. 2(a)]. The fitted renormalization
factor «a is also in close agreement with the previous reported
experimental values 2.13X 1078 to 2.43X 1078 eV cm.'*%
The same fitting is also done for the reference thin film GaN
sample, as also shown in F1g 4. The fitted values are E,
=3.417 eV and =23 X 10"® eV cm. The fitted energy cor—
responds to peak wavelength of 362.9 nm, again in close
agreement with the observed spontaneous emission peak
362.5 nm in Fig. 2(d). The fitted renormalization factor « is
also within the range of the previous reported values. From
these fitting analyses, we therefore attribute the gain mecha-
nism of emerging peak to electron-hole plasma.

Appl. Phys. Lett. 98, 121101 (2011)

In summary, we have fabricated GaN nanopillars from
an epitaxial substrate by patterned etching followed by crys-
talline regrowth. We observed a large stimulated emission
enhancement from the nanopillar sample when it was
pumped by a 355 nm pulsed laser. The gain mechanism for
the stimulated emission is attributed to electron-hole plasma.
The stimulated emission efficiency is greatly enhanced by 20
times compared to that from a GaN thin film substrate under
the same pumping condition. We remark that this is due to
better gain and photon interaction provided by nanopillar
structure.
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