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In this letter, the photoluminescence spectra of n-type doped GaAs nanowires, grown by the metal
organic chemical vapor deposition method, are measured at 4K and 77 K. Our measurements
indicate that an increase in carrier concentration leads to an increase in the complexity of the
doping mechanism, which we attribute to the formation of different recombination centers. At high
carrier concentrations, we observe a blueshift of the effective band gap energies by up to 25 meV
due to the Burstein-Moss shift. Based on the full width at half maximum (FWHM) of the
photoluminescence peaks, we estimate the carrier concentrations for these nanowires, which varies
from 6 x 10'” cm > (lightly doped), to 1.5 x 10'® cm > (moderately doped), to 3.5 x 10'® cm ™
(heavily doped) as the partial pressure of the disilane is varied from 0.01 sccm to 1 sccm during
the growth process. We find that the growth temperature variation does not affect the radiative
recombination mechanism; however, it does lead to a slight enhancement in the optical emission
intensities. For GaAs nanowire arrays measured at room temperature, we observe the same general
dependence of band gap, FWHM, and carrier concentration on doping. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4947504]

GaAs nanowires’ direct band gap and large surface-to-
volume ratio have attracted considerable attention for their
potential use in high efficiency solar cells, energy storage,
and lasers.'™ Measuring the concentrations of the dopants
in III-V nanowires and specifically GaAs nanowires is an
important problem since it governs the mobility, minority
carrier diffusion length/lifetime, and conductivity. This fact
becomes even more important when one designs PN, PIN, or
core-shell nanowires where concentrations of dopants and
doping profiles directly affect the performance of the junc-
tion. While accurate measurement of carrier concentration in
GaAs nanowires is of great importance, precise measurement
techniques of these carrier concentrations have not been
developed yet. In previous literature, both contact and non-
contact methods have been employed for estimating carrier
concentrations in III-V nanowires. Field effect measure-
ments are one way of obtaining the field effect mobility and
carrier concentration.® However, this method presents sev-
eral limitations and technical challenges, for example, for-
mation of Ohmic contacts. Atom probe microscopy and
secondary ion mass spectroscopy are two alternative meth-
ods used for establishing the doping profiles in nanowires;
however, they are time consuming, expensive, and destruc-
tive to the sample being measured.” Capacitance-voltage
measurements present another approach that is commonly
used,’”? although this method also suffers from contact
fabrication difficulties. Storm et al. reported Hall effect
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measurements on core-shell InP nanowires.'® Schaper et al.
also used Hall measurements with four contacts to obtain the
carrier concentrations in InAs nanowires, as well as the elec-
tron concentrations in the surface accumulation layer of their
InAs nanowires.'' It should be noted that the Hall method
has not been implemented in GaAs nanowires due to difficul-
ties in forming Ohmic contacts. Ketterer et al. reported a
non-contact method that correlates the carrier concentration
of p-type GaAs nanowires with transmission Raman spec-
troscopy.'? This method is based on forward Raman scatter-
ing, and it is unlikely that nanowires with large diameters
(larger than 250 nm) will provide enough signal intensity for
this measurement approach to be feasible. It should be noted
that Raman scattering measurements have been reported
from UHV-cleaved bulk GaAs (110) orientation. However,
this case is valid only when samples are excited by light
source with energy equal or larger than the band gap.'®> Chen
et al. studied the temperature effects on the photolumines-
cence (PL) spectra of bulk metal organic vapor phase epitaxy
(MOVPE) grown GaAs films.'* The photoluminescence
(PL) spectra of molecular beam epitaxy (MBE) grown bulk
GaAs was studied at 4.2 K, as reported in Ref. 15. Both n-
type doped'® and p-type doped GaAs'”'® were studied. Lee
et al. performed a room temperature PL analysis and pro-
posed a model where the PL peak energy can be estimated
from the carrier concentrations.'® Kim et al. performed a
similar analysis for C-doped samples at 12K and proposed
imperial relations for hole concentration estimations based
on the FWHM of the PL peaks.'” Optical pump terahertz
probe spectroscopy has been used to estimate the doping
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density and carrier mobility at room temperature for Vapor
liquid solid (VLS) grown nanowires.'* Wang et al. spa-
tially resolved doping concentration and non-radiative
recombination rate by using micro-photoluminescence which
allows room temperature measurement without ultra-high
vacuum.” Lindgren ef al. compared the carrier concentration
obtained from photoluminescence and Hall measurement
and found excellent agreement.>* Most of the studies focused
on VLS or MBE grown nanowires and less attention has
been paid to the doping study of nanowires synthesized by
selective area MOCVD growth, in spite of its potential in
large scale production of functional devices.”>° The growth
mechanism and thus principles of dopant incorporate differ
to a large extent among different growth techniques due to
variations in surface chemistry, precursor decomposition,
and adatom migration. Non-uniform doping®’ and reservoir
effect”™ have been observed for VLS grown nanowires and
polytypism often occurs or is manipulated, which also alter
the optical properties of VLS grown nanowires.”” On the
other hand, in selective area MOCVD, the growth is gov-
erned by vapor phase deposition instead of the thermal
dynamics at the triple-phase interface in VLS. For all the
samples studied, we do not observe any Wurtzite phase
although there is a high density of rotational twins with an av-
erage spacing of 20nm between adjacent twins. Shimamura
et al. showed that carrier scattering due to twin is minimal if
their spacing is larger than 5nm.*® Here, we present a system-
atic study of the carrier concentration of n-type doped
GaAs nanowires grown by selective area MOCVD using low-
temperature and room temperature photoluminescence spec-
troscopy. The advantage of this method is that it is contact-less
and does not require complex lithographic processing.

In this work, nanowires are grown on Si(111) substrate
using MOCVD with selective area growth (SAG).*! These
nanowires are grown vertically along the (111)B direction,
as shown in Figure 1(a), sonicated in isopropyl alcohol, and
then deposited onto Si substrates with 300nm of SiO,
(Figure 1(b)). Photoluminescence spectroscopy is collected
using a 532 nm continuous-wave laser.*?

Figure 1 shows SEM micrographs of a GaAs nanowire
array and individual GaAs nanowires deposited on a Si/SiO,
substrate. These nanowires are doped with Si, where Si
behaves as a donor. Here, the diameters of the nanowires lie
in the range of 250-270nm. Radiative recombination in
GaAs nanowires can arise from various mechanisms
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including: direct band-band transition with momentum con-
servation, indirect band-band transition without momentum
conservation, and indirect band-acceptor transition without
momentum conservation.”> The concentration of dopants
governs which mechanism will be dominant in the radiative
recombination process.

In Figure 2, PL spectra of the three cases of lightly,
moderately, and heavily doped GaAs nanowires are shown.
Since these PL spectra are complex, we attempt to assign the
peaks to corresponding transitions. In Figure 2(a), two major
peaks can be observed. The peak at 1.497eV is due to the
exciton,34—36 and the 1.449eV peak is characteristic of a
band-acceptor transition due to carbon contamination.®’
Wood et al. attributed the 1.454 eV peak to the phonon side-
band of the band-to-acceptor transition at 1.490 eV.?’ Here,
we observe the same phenomenon with a phonon energy of
36 meV. The peaks at 1.484 eV and 1.470eV are also impu-
rity related (free-to-bound transition).*® In the lightly doped
case, the blueshift is not observed, and the donor-band transi-
tion is not dominant. In Figure 2(b), three main peaks from
the moderately Si-doped nanowires are observed. The peaks
at 1.489eV and 1.491 eV correspond to a band-acceptor tran-
sition due to unintentional carbon impurities. The peak at
1.533eV indicates the donor-band transition and is blue-
shifted by about 20 meV. Figure 2(c) shows the PL response
of heavily Si-doped GaAs nanowires. Here, a blueshift of
about 25meV is observed (peak at 1.537eV). The peak at
1.518 eV corresponds to an excitonic transition, as reported
by Wood and Ploog.””*® The peaks at 1.496, 1.488, 1.469,
and 1.460eV originate from acceptor impurity levels. It has
been shown that, in the presence of high concentrations of Si
dopants, the behavior of some dopant impurities may switch
from donor to acceptor.39’40 The observed peaks between
1.480 and 1.490eV are likely due to Si dopant impurities.
Similar to the case of the lightly doped GaAs nanowires, the
peak at approximately 1.450eV is the phonon sideband of
the 1.490eV peak. The PL spectra of these samples were
also measured at 77 K, as shown in Figure S1 of the supple-
mentary material.*> While the features in the 4K spectra are
a little sharper than those taken at 77K, all of the same
features can be resolved. Furthermore, the overall FWHM,
which can be used to measure carrier concentration, are the
same. This indicates that the spectra taken at 77 K are suffi-
cient to resolve the features required to establish doping
concentrations.

FIG. 1. SEM image of n-type doped
GaAs (a) nanowire array and (b) indi-
vidual nanowires on a Si/SiO, substrate.
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FIG. 2. Photoluminescence response of (a) lightly doped, (b) moderately
doped, and (c) heavily doped n-type GaAs nanowires excited by a CW
532 nm laser at 4 K, the dashed line indicates the fitted curve for each case.

Based on previous literature for impurity levels below 5
x 10"cm ™, the band-acceptor transition is dominant.*?
However, as the minority carrier concentration increases, the
impurity level within the band gap (EtT) extends into the
band, due to inhomogeneous dopant distributions and poten-
tial fluctuations (V,,s). The following formula is obtained for
Vot
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2
Vo = () r(55 + N7 )] 2

where 7 is the screening length (r; = (5) (1 x a®)""%) and a
is the Bohr radius of the majority carriers; for moderate to
heavily doped cases, we can assume N, — N, ~ n. Et can
be calculated as

2
Ep = 27'/? (e)a1/4n5/12.
g

As the dopant concentration increases, Et increases until it
reaches the ionization energy (E ~ 26.4 meV) of the C dop-
ants and creates localized acceptor states.”> An increase in n
leads to the formation of a conducting impurity band in
the energy gap and creation of free electrons. Therefore, the
dominant transition would occur as an indirect band-
acceptor transition between the free electrons in the conduc-
tion band and localized acceptor states in the impurity level
within the band gap near the valance band (Figures 2(c) and
S2 of the supplementary material*?).

In Figure 3(a), we use the empirical relation reported by
De-Sheng et al. in order to estimate the carrier concentra-
tions from the energy half-width (AE) of the dominant emis-
sion line in the PL spectra.>
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FIG. 3. (a) Carrier concentrations estimated from photoluminescence

FWHM. (b) Effective band gap estimated from both experimental photolu-
minescence and model from reference.
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AE(n) = (3.84 x 10714)n%/3,

Here, AE is measured in meV and 7 in cm ™ >.We can also
estimate the band gap variation as a function of dopant con-
centration using the indirect band-localized acceptor transi-
tion model, where E, is given by

E, = E, + Er — Er,

where Eg is the band gap of non-doped GaAs and Er can be
derived from the work of Raymond et al.:**

2

E _h
E ome

e

2 E
(37%n)° (1 - 0.8156—F)
Eg

—5.209 x 10~ 4(43) — 1.456 x 1027 (s%).

Using the above formula, we have calculated the expected
bandgap from the photoluminescence FWHM and compared
that to the experimental values. These results are plotted in
Figure 3(b), where the experimental values and calculated
values are in relatively close agreement. The experimental
results show band gap values of approximately 10meV
below the calculated values, and the blueshift due to Pauli
blocking in the band gap is evident. It should be noted that
the model used for this calculation is valid for bulk material
systems. Our measurements are on individual GaAs nano-
wire. Therefore, variation from the calculation is expected,
considering the confinement and increased surface-to-
volume ratio. We believe the general trend observed for the
nanowires matches that of bulk, while the exact parameters
in the model may deviate slightly.

We have performed room temperature measurements on
arrays of GaAs nanowires grown on an underlying Si sub-
strate over (111) surface. These nanowires are grown using
the same recipe that was mentioned earlier and are doped
using similar disilane flow rates (0 and 1 sccm in 0.1 scem
increments). The room temperature PL spectra obtained
from these GaAs nanowire arrays are plotted in Figure 4.
Here, the FWHM and the blueshift in the spectra are clearly
observed at room temperature and can be used to estimate
the carrier concentrations. An obvious increase in the band
gap is observed from 1.4166eV to 1.500eV. The FWHM
also increases, corresponding to carrier concentrations vary-
ing from 3 X 107 t0 2.2 x 10'® cm73, as shown in Figure
4(b). For the room temperature data, the trend of photolumi-
nescence blueshifting with increasing carrier concenteration
is observed as the disilane partial pressure is increased, and
the range of estimated concentrations agrees with the 4 K
measurements. However, for the most heavily doped case (1
sccm disilane flow), we observe a small drop in the FWHM
and hence a decrease in carrier concentration. This is most
likely due to the fact that Si is an amphoteric dopant in GaAs
and can act as a donor or acceptor depending on whether or
not it sits on a Ga or As site, respectively. At high doping
concentrations, Si may behave as a p-type dopant leading to
a decrease in the n-type carrier concenteration and a corre-
sponding redshift in the PL spectra.”® This behavior is not
observed our low temperature measurements due to coarse
steps in variation of the disilane flow rate.

Appl. Phys. Lett. 108, 182106 (2016)
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FIG. 4. (a) Room temperature photoluminescence spectra of doped GaAs
nanowire arrays plotted for various disilane flow rates during the growth. (b)
Estimated carrier concentrations plotted as a function of disilane flow rate.

In summary, we have estimated the carrier concentration
in Si-doped MOCVD grown GaAs nanowires based on low
temperature photoluminescence spectra using an indirect
band-localized acceptor transition model. Using this model,
we obtained concentrations of 6 x 10'”cm > (lightly doped),
1.5 x 10"®cm *(moderately doped), and 3.5 x 10"%cm ™
(heavily doped) for partial pressures of disilane varied from
0.01 scem to 1 scem during the growth process. At high car-
rier concentrations, we observe a blueshift in the effective
band gap energy by up to 25meV due to the Burstein-Moss
shift (i.e., Pauli blocking). Our experimental band gap blue-
shift values are in agreement with the calculated blueshift
values. The same general dependence of band gap, FWHM,
and carrier concentration on doping is observed for GaAs
nanowire arrays measured at room temperature. Although
decrease in PL intensity (due to increase in non-radiative
recombination) and PL spectral widening is observed at
room temperature, the generality of carrier concentration
estimates based on the photoluminescence FWHM is valid.

This material is based upon work supported as part of
the Center for Energy Nanoscience (CEN), an Energy
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