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G
aAs is an excellent candidatemateri-
al for high efficiency solar cells,1,2

nanolasers3,4 and LED applications.5

GaAs nanostructures (e.g., nanowires and
nanosheets) with high surface-to-volume
ratios, however, suffer from high surface
state densities and high surface recombina-
tion velocities, which typically limit their
optoelectronic device performance.6 Passiva-
tion of GaAs nanostructures has been widely
studied in the literature, including cladding of
GaAs nanostructures with wide gap materials
(e.g., AlGaAs, GaP and GaAsP).3,5,7�9 A number
of chemical routes to passivation of GaAs
surfaces have been studied, including sulfur
solution passivation,10,11 thiol passivation,12

and ionic liquid passivation.13 Recently, se-
lective area growth (SAG) of GaAs nano-
sheets has been demonstrated using a slit
instead of a hole geometry in the SiN
growth masking layer.14 GaAs nanosheets
have the distinct advantage over GaAs nano-
wires in that they grow easily without the
formation of twin defects and stacking
faults, thus improving the overall sample
quality and optoelectronic properties in
comparison to GaAs nanowires.15 Longer
minority carrier diffusion lengths make
GaAs nanosheets particularly well-suited

for solar cell and nanolaser applications.
Previous literature provides extensive stud-
ies on AlGaAs passivation of GaAs nano-
wires.16,17 However, no such studies have
been reported for GaAs nanosheets.
In the work presented here, the effects of

passivation of GaAs nanosheet structures
are explored using heteroepitaxial growth
of an AlGaAs passivation layer on the GaAs
nanosheet. The effects of passivation on the
photoluminescence efficiency and minority
carrier lifetimes are studied systematically
using the techniques of room temperature
and low temperature photoluminescence
(PL) spectroscopy and time-resolved photo-
luminescence (TRPL) spectroscopy. All mea-
surements are performed on individual
GaAs nanosheets that have been removed
from the growth substrate and transferred
to Si/SiO2 substrates in order to eliminate
any contribution to the PL from the under-
lying substrate.

RESULTS AND DISCUSSION

Figure 1a shows an SEM image of the
as-grown nanosheets on the underlying
GaAs/SiN growth substrate. The nanosheets
are then removed by sonication in IPA and
deposited on a Si/SiO2 substrate, as shown
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ABSTRACT Unlike nanowires, GaAs nanosheets exhibit no twin defects, stacking faults, or dislocations even

when grown on lattice mismatched substrates. As such, they are excellent candidates for optoelectronic applications,

including LEDs and solar cells. We report substantial enhancements in the photoluminescence efficiency and the

lifetime of passivated GaAs nanosheets produced using the selected area growth (SAG) method with metal organic

chemical vapor deposition (MOCVD). Measurements are performed on individual GaAs nanosheets with and without

an AlGaAs passivation layer. Both steady-state photoluminescence and time-resolved photoluminescence spectros-

copy are performed to study the optoelectronic performance of these nanostructures. Our results show that AlGaAs

passivation of GaAs nanosheets leads to a 30- to 40-fold enhancement in the photoluminescence intensity. The

photoluminescence lifetime increases from less than 30 to 300 ps with passivation, indicating an order of magnitude

improvement in the minority carrier lifetime. We attribute these enhancements to the reduction of nonradiative recombination due to the compensation of

surface states after passivation. The surface recombination velocity decreases from an initial value of 2.5 � 105 to 2.7 � 104 cm/s with passivation.
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in Figure 1b. A schematic diagram of the nanosheet
structure is shown in Figure 1c. Nanosheets are grown
along the (111) direction through a self-terminating
process. The base triangle is referred to as the initial
growth region of the nanosheet. Once the initial
triangle self-terminates, additional triangles may grow
from the apex of the initial triangle, which is referred to
as the overgrown region.14,15 In these nanosheet struc-
tures, the exposed surface of the nanosheet is the (011)
plane. In the subsequent passivation growth step,
AlGaAs is grown on this surface, which is not the usual
surface for epitaxial growth. It is, therefore, not known
a priori how epitaxial the GaAs/AlGaAs interface will be
in these novel nanostructures, thus providing addi-
tional motivation for this study.
Figure 2 shows a comparison of the PL spectra taken

at a single point from an individual nanosheet with and
without AlGaAs passivation. Nanosheets are excited
with 532 nm wavelength (continuous wave) laser light
at room temperature with a 100� objective lens. Here,
the PL intensity is enhanced by a factor of 42� after
AlGaAs passivation. We have measured over 30 sam-
ples of passivated and nonpassivated GaAs nanosheets,

from separate runs. Our results indicate an average of
30- to 40-fold enhancement in PL intensity after AlGaAs
passivation. To assess how the passivation of the
nanosheet might affect the spatial distribution of PL,
spatial maps of the PL intensity were obtained using
slit-confocal microscopy. Figure 3a shows such a spa-
tial map where the integrated intensity of the band-
edge emission is displayed as a function of position for
an as-grown and, thus, unpassivated GaAs nanosheet.
One can see points of relatively bright emission at the
two ends of the nanosheet, while the interior of the

Figure 2. Photoluminescence spectra of an individual
GaAs nanosheet with and without AlGaAs passivation. Inset
graph: Raman spectra of passivated GaAs nanosheet.

Figure 3. Spatialmaps of the PL intensity: (a) PL spatial map
for an as-grown and thus unpassivated GaAs nanosheet
(maximum PL intensities for white area to minimum PL
intensity at dark purple area). (b) Optical image of the
nanosheet passivated with a 20 nm AlGaAs layer, where
the arrows show the direction of the line scans used for
spatially resolved micro-Raman measurements shown later.
(c) PL spatial map for the passivated GaAs/AlGaAs nanosheet.

Figure 1. SEM images of nonpassivatedGaAs nanosheet: (a)
array of as-grown nanosheets, (b) individual nanosheet
deposited on Si/SiO2 substrate, and (c) schematic diagram
of the GaAs nanosheet structure.
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nanosheet emits at approximately 30�50% the max-
imum intensity. Figure 3b shows an optical image of
the nanosheet passivated with a 20 nm AlGaAs layer,
where the arrows show the direction of the line scans
used for spatially resolved micro-Raman measure-
ments shown later. Figure 3c shows a PL image of
the passivated GaAs/AlGaAs nanosheet. By comparing
the two PL images in Figure 3a and 3c, we find that the
maximum intensity integrated over the whole area of
the passivated GaAs nanosheet is nearly 30 times that
of the unpassivated nanosheet. The fact that the PL
intensity maximum occurs along the intermediate
edge may indicate that the AlGaAs-on-GaAs growth
is higher quality at this edge. One should also consider
the fact that near the edge the emission can couple out
of the nanosheetmore effectively. This is not surprising
considering that this is the last surface deposited
during the initial nanosheet growth. The weak PL
intensity along the long edge indicates that the long
edge is not passivated since it is cleaved from the
growth substrate.
To assesswhether the reduced intensity at a position

in the passivated nanosheet is due to an imperfection
or inhomogeneity in the AlGaAs layer, we perform
spatially resolved micro-Raman spectroscopy on the
same nanosheet. The 514.5 nm line from an argon-ion
laser is used for excitation with 0.5 mW power and the
scattered light is collected by a 100� 0.7NA objective
lens. The scattered light is dispersed by an xy-Dilor
spectrometer and detected by a liquid-nitrogen cooled
Si-CCD. The sample is mounted on a piezoelectric
translation stage so that the nanosheet canbe sampled
along two orthogonal lines, longitudinal and trans-
verse, as shown in the optical image of the nanosheet
(Figure 3a). The Raman spectra (see Figure 4) reveal
GaAs-like TO, AlAs-like TO and LO features, alongwith a

weak GaAs-like LO response. These phonon energies
are obtained by fitting the Raman spectra to Lorentzian
lineshapes for both scans, as displayed in Figure 5a,b
for the longitudinal and transverse line scans, respec-
tively. Since the position of the AlAs-like LO phonon is a
sensitive measure of Al concentration,19 we obtained
the Al% based on the observed phonon energies using
the equation:

ωLO ¼ 361:643þ 62:888x � 27:91x2

Here, x is the percentage of Al concentration andωLO is
the AlAs-like LO phonon. We find the Al% is consis-
tently 55% across the entire area of the nanosheet,
with only a small deviation of 1%, indicating good
growth quality and control across the sample. As such,
there is no obvious correlation of the reduced region
of PL intensity with the concentration of the AlGaAs
layer. In our previous work on AlGaAs passivated GaAs
nanowires, we found that PL intensity was strongly
correlated with the thickness of AlGaAs layer.7

For AlGaAs passivated GaAs nanosheet, atomic force
microscopy (AFM) does not show obvious varia-
tion of thickness. Hence, we believe that the variation
in PL intensity is largely due to poor epitaxial growth
at the interface of GaAs/AlGaAs or possible surface
defects.

Figure 4. Selected Raman spectrum near the center of the
GaAs/AlGaAs sample. GaAs TO (267 cm�1) and AlAs-like TO
(360 cm�1) and LO (388 cm�1) phonon structures are clearly
identified, along with a weak GaAs LO response (∼290 cm�1).
The weak structure at the lower energy side of the GaAs TO is
presumably GaAs-like TO response from AlGaAs.

Figure 5. Longitudinal and transverse Raman scattering
scan analysis. The Al-concentration is calculated based on
AlAs-like LOphononenergydue to its strongAl-concentration
dependent nature.22 From both of the scans, we observe a
consistent Al-concentration 50% across the sample with a
deviation of ∼2%.
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Time-resolved PL spectroscopy was also performed
on these nanosheets in order to determine the carrier
lifetimes before and after passivation, as shown in
Figure 6. We find that passivation of n-type GaAs
nanosheets with an AlGaAs layer yields carrier lifetimes
of up to 300 ps, which is an order of magnitude longer
than the nonpassivated nanosheets with a lifetime of
less than 30 ps, which is our system response. The
increase in carrier lifetime is due to passivation of
the surface states, which greatly reduces the nonradia-
tive recombination of photoexcited carriers. Given the
30-fold increase in PL intensity seen in the PL maps of
Figure 3, we infer that the unresolved recombina-
tion lifetime in the unpassivated nanosheet may be
only ∼10 ps and is limited by the nonradiative recom-
bination at the surfaces. This result is consistent
with previous reports of GaAs nanowires passivated
with AlGaAs,7 which showed a lifetime of 1.3 ns for

AlGaAs-passivated nanowires. A direct comparison is
not possible, however, since the doping levels of both
structures are unknown. The surface recombination
velocity (SRV) can be approximated using the following
formula:6,20

1
τ
¼ 1

τb
þ 4S

d

Here, τ is the minority carrier lifetime, τb is the bulk
GaAs lifetime (1.3 μs), d is the thickness of the nano-
sheets, and S is the surface recombination velocity. Con-
sidering a GaAs nanosheet with an average thickness of
300 nm, the surface recombination velocity measured for
an AlGaAs-passivated sample is 2.7 � 104 cm/s, which
is about an order of magnitude smaller than the value
measured for the nonpassivated case of greater than
2.5 � 105 cm/s). Lower SRV values of 500 cm/s have
been reported for passivated bulk GaAs in the litera-
ture.21 The fact that our result is 4 times higher than the
minimum value reported may be attributed to the fact
that the passivation growth is not optimized.

CONCLUSION

In conclusion, our steady-state and time-resolved
photoluminescence measurements of individual GaAs
nanosheets indicate that AlGaAs passivation improves
the photoluminescence efficiency by 30�40 times and
increases the minority carrier lifetime by more than an
order of magnitude. We attribute these enhancements
to the reduction of nonradiative recombination due to
the compensation of surface states after passiva-
tion. The surface recombination velocity shows a
drastic decrease from 2.5 � 105 to 2.7 � 104 cm/s.
These results indicate that passivated GaAs nano-
sheets have superior optoelectronic properties
with longer-lived carriers than nonpasivated GaAs
nanosheets.

METHODS
GaAs nanosheets are synthesized in a vertical shower-

head, low-pressure metal organic chemical vapor deposition
(MOCVD) reactor with selective area growth (SAG).14,15 Tri-
methylgallium (TMGa), trimethylaluminum (TMAl), and arsine
are used as precursors for Ga, Al, and As deposition. Nanosheets
are doped n-type using disilane (Si2H6). High density arrays of
GaAs nanosheets are grown on (111)B GaAs substrates. The
substrate preparation for nanosheet growth is the same as that
previously reported.14 First, a thin layer of SiNx (approximately
28 nm thick) is deposited onto the (111)B GaAs substrate by
plasma enhanced chemical vapor deposition (PECVD). Ten μm
long, 100 nm wide openings are patterned in the SiNx layer by
electron-beam lithography and reactive ion etching. These
nanoscale stripes are patterned along the Æ112æ direction of
the GaAs growth substrate. The nanosheets are grown in a
hydrogen environment at 0.1 atm using a V/III ratio of 1.5 and
a Ga/Si ratio of 16 000 for 75 min at 790 �C. The partial pressures
of TMGa, AsH3, and Si2H6 were 1.12 � 10�6, 1.63 � 10�6, and
7.14 � 10�11 atm, respectively. The AlGaAs passivation layer is
grown at the same temperature for 150 s with TMGa, AsH3, and

TMAl at partial pressures of 3.74 � 10�7, 1.85 � 10�4, and
3.82 � 10�7 atm. The approximate thickness of the AlGaAs
passivation layer is 20 nm, while that of the nanosheets is
300 nm, as measured by scanning electron microscopy (SEM)
and atomic force microscopy (AFM). The GaAs nanosheets in
this study do not have a GaAs capping layer. Nevertheless, the
optical behavior of these nanosheets is found to be sable over a
3-month period.
Micro-Raman spectroscopy of the nanosheetswas performed

using a 100� objective lens with a numerical aperture of
0.85 and a 40� objective lens with a numerical aperture of
0.6. A Si CCD camera was used to collect PL spectra in the
750�1000 nm wavelength range. A continuous wave, 514 or
532 nm laser was used for excitation. For the time-resolved PL
measurements, a 76 MHz pulsed Ti-Sapphire laser (Mira 900)
was used to pump a supercontinuum fiber and provide optical
excitation at 590 nm. The 590 nm excitation light was focused
onto the nanosheet using a 50�/0.5NA objective lens, and the
emitted PL was dispersed by a MS260i (Newport) imaging
spectrograph and detected by aMCP-PMT (Hamamatsu) photo-
tube. Time-correlated single photon countingwas used to obtain
time-resolved PL data. Spatial imaging of single nanosheets was

Figure 6. Time resolved PL data from passivated and un-
passivatedGaAs nanosheets at 300 K. The nonpassivatedGaAs
nanosheet PL lifetime is less than the system response (30 ps).
The passivated nanosheet PL exhibits a lifetime of 300 ps.
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obtained using slit-confocal microscopy.18 The 514 nm laser
was defocused to a ∼30 μm spot (encompassing the full nano-
sheet), while the nanosheet was imaged with the short axis of
the nanosheet oriented parallel to the entrance slit of the
spectrometer. As the nanosheet was scanned across the en-
trance slit along the long axis, full CCD images of the PL were
obtained,
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