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ABSTRACT

We have used transient terahertz photoconductivity measurements to assess the efficacy of two-temperature growth and core-shell encapsulation
techniques on the electronic properties of GaAs nanowires. We demonstrate that two-temperature growth of the GaAs core leads to an almost
doubling in charge-carrier mobility and a tripling of carrier lifetime. In addition, overcoating the GaAs core with a larger-bandgap material is
shown to reduce the density of surface traps by 82%, thereby enhancing the charge conductivity.

Semiconductor nanowires are promising new materials for
implementation in nanoscale electronic and optoelectronic
devices. Of particular interest are III-V semiconductor
nanowires, which can exhibit a direct bandgap and a high
electron mobility.1 However, the large surface-to-volume
ratio inherent to nanowires results in the presence of surface
traps offering easy access to carrier and exciton recombina-
tion pathways.2,3 In addition, one-temperature growth tech-
niques have been shown to cause a significant twin-defect
(stacking-defect) density within the nanowires.4 Refinements
in the epitaxial growth of these nanowires are therefore
essential in order for their optoelectronic and crystallographic
standards to approach those of bulk material.2,6,7 Such efforts
are complicated by the fact that electrical measurements
conducted on nanowires to determine charge-carrier mobility
are often obscured by properties of the electrical contacts.
Most contactless spectroscopic probes of nanowires to date
have relied upon low-temperature photoluminescence mea-
surements to characterize optoelectronic quality by measuring
excitonic dynamics and radiative quantum efficiency.2,6

However, for use of these materials in nanoelectronics and

optoelectronics, it is essential to determine charge-carrier
mobility and lifetime at room temperature.

In this study, we have conducted transient photoconductivity
measurements on an ensemble of nanowires in order to assess
the effect of nearly defect-free (two-temperature) growth and
core-shell encapsulation technologies on charge-carrier trapping
and mobility. Optical-pump terahertz-probe spectroscopy was
employed as a noncontact ultrafast probe of the room-temper-
ature photoconductivity with subpicosecond resolution. We
demonstrate that both two-temperature growth and encapsula-
tion of the GaAs nanowires with a higher band gap material
lead to significant increases in the lifetime of free charge carriers.
Encapsulation of the nanowires is shown to be highly effective,
reducing the areal density of surface traps to one-seventh of
that for the untreated wires. Importantly, we find that moving
from one-temperature growth to a two-temperature procedure
(comprising a brief high-temperature step for nucleation and a
longer lower-temperature phase for prolonged growth4) in-
creases the intrinsic carrier mobility of the wires from 1200
cm2/(V s) to 2250 cm2/(V s).

All nanowire samples were initially grown onto a GaAs
substrate as shown in a representative scanning electron
microscopy (SEM) image in Figure 1. A gold-colloid seeded
vapor-liquid-solid metal-organic chemical vapor deposition
(MOCVD) technique was used, as described in refs 2, 4, 6,
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and 8. To eliminate the otherwise dominant photoconductiv-
ity of the GaAs substrate, the nanowires were then transferred
from the as-grown substrate to a z-cut quartz substrate by
gently rubbing the two substrates together. In order to
investigate the effects of growth conditions and encapsula-
tion, four different types of nanowire structure were selected,
as shown in Figure 1. The first three types were fabricated
by the two-temperature growth technique4 and subjected to
different overcoating procedures: sample [nw1-C] comprises
an ensemble of GaAs nanowires of core diameter 40-60
nm and of 6-8 µm in length; sample [nw2-CS] had an
additional AlGaAs shell of thickness ∼30 nm added to
encapsulate the wires, while sample [nw3-CSS] had a further
GaAs “skin” layer of approximately 5 nm thickness deposited
on the nanowires. AlGaAs shells were grown with a gas
phase Al composition of 26%.4 Measurements of the low-
temperature exciton lifetime in similar structures have shown
that the skin layer reduces the oxidation of the AlGaAs shell,
thereby reducing oxygen absorption into the GaAs core.2 A
fourth sample, [nw4-DCSS], was grown by a single-step one-
temperature procedure associated with high twin-defect
density, and overcoated with an AlGaAs shell layer and a
GaAs skin layer in the same way as sample [nw3-CSS]. Thus
comparison of the transient conductivity for the first three
samples allows conclusions to be drawn on the efficacy of
surface treatments, while differences between samples [nw3-
CSS] and [nw4-DCSS] allow a comparison to be made
between the two growth techniques for the core.

The TEM images of Figure 2 show that nanowires grown
by the one- and two-temperature procedures have different
morphologies. Those grown by the one-temperature proce-
dure are tapered, with thick bases and rough faceted
sidewalls, as illustrated in Figure 2c. Those grown by the
two-temperature procedure are minimally tapered, with

smooth sidewalls, as illustrated in Figure 2d. If shell growth
is performed at low temperatures, such variations in nanowire
morphology may affect shell growth; therefore to achieve
uniform, conformal deposition of AlGaAs shells, we use a
high growth temperature of 650 °C.5 Thus, the compositional
uniformity of the AlGaAs shell should not be affected by
these variations in nanowire core morphology. For all
core-shell samples, regardless of whether grown by the one-
or two-temperature procedure, the shell thickness is ap-
proximately 30 nm, and the shell surface is smooth.

To measure the photoconductivity of GaAs nanowires on
a picosecond time scale, an optical-pump terahertz-probe
spectroscopy system was employed (see Supporting Informa-
tion for a detailed description of the experimental apparatus).
Sample excitation was carried out with a pump pulse of
center wavelength 810 nm and duration ∼50 fs. The pump-
induced change in transmission of a weak terahertz probe
was measured as a function of pump-probe delay, which
for the comparable case of a uniformly excited thin film is
proportional to the photoinduced conductivity.10 For GaAs
nanowires, we have shown previously that the carrier
scattering rate (and therefore mobility) stabilizes over the
first 300 fs after photoexcitation.3 We therefore assume in
the following analysis that at times >300 fs the mobility is
constant and any change in photoconductivity is caused
solely by a variation in carrier density.3

Figure 3 demonstrates that the photoconductivity decay
is strongly dependent upon the growth conditions of the
nanowires. Comparison of the transients for GaAs nanowires
(sample [nw1-C]) with those overcoated with an AlGaAs
shell (sample [nw2-CS]) reveals an increase in overall carrier

Figure 1. (Above) A schematic representation of the nanowire
structures examined in this study along with their typical dimen-
sions. (Below) An SEM image of as-grown [nw3-CSS] nanowires.
The scale bar represents 2 µm, and the image was taken at 40°.

Figure 2. TEM images showing the tips and bases of nanowires
grown by (a,c) the single temperature procedure and (b,d) the two-
temperature procedure. The single temperature procedure results
in numerous twin defects, as indicated by arrows in (a,c). The two-
temperature procedure, in comparison, produces the twin-free
nanowires of (b,d). Nanowires grown by the single-temperature
procedure are considerably more tapered, as evidenced by the wide
base diameter in (c), and have rough, faceted sidewalls. Nanowires
grown by the two-temperature procedure, in contrast, have smooth
sidewalls and are minimally tapered, as evidenced by the narrow
base diameter in (d).
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lifetime by approximately a factor of 4 through the over-
coating technique. Similarly, changing from the one-tem-
perature (sample [nw4-DCSS]) to the two-temperature
(sample [nw3-CSS]) growth procedure clearly enhances the
carrier lifetime by a significant amount. For a more quantita-
tive characterization, a monoexponential of the form ∆E(τ)/E
) A exp(-τ/τc) was fitted to the transients (indicated as
dashed lines in Figure 3). The extracted photoconductivity
lifetimes (τc) are shown in Figure 4a for a range of incident
fluences. It can be seen that the carrier lifetime increases
with excitation fluence for all nanowire samples, suggesting
the existence of trap states that begin to saturate toward
higher photoinjected carrier density.11

In order to assess the effects of both overcoating and
defect-free growth, we constructed a model that accounts
for both trapping of charges and other, nonsaturable, free-
charge annihilation routes. While the process of overcoating
will have a significant impact on the density of available
surface states, a change in growth conditions for the GaAs
core will mainly affect the nonsaturable charge recombination
pathways. Appropriate fitting of such a model to the data
will therefore allow clear separation of the effects of growth-
temperature variation and overcoating on charge lifetimes.
Our calculations are based on the following coupled rate
equations, which determine the density of mobile charge
carriers, N, and the density of unoccupied trap states, T, as
a function of time after excitation

Here, the initially generated density of free charges, Ni is
related to the absorbed photon density, Nabs ) �Ni through

a constant scaling factor �. The first term in eq 1 describes
all bulk recombination routes through a time constant τintrinsic

) 3.5 ns, which was extracted from the photoconductivity
decay of the bulk-GaAs sample (see Figure 3). The second
term (incorporating τNW) accounts for additional nonsaturable
carrier recombination routes that arise only in the nanowires.
The third term describes charge trapping and recombination
at available surface traps with a coupling constant given by
γ. Such trapping reduces the free trap density T by an equal
amount, as indicated in eq 1, with the initial trap density Ti

being equal to the total density of traps (occupied or
unoccupied) in the system. Solution of the coupled equations
allowed the calculation of the time-dependent carrier density,
which was convolved with a Gaussian (width ∼600 fs) to
represent the response time of the experiment, and fitted to
the photoconductivity transients. From such fits, values were
obtained for all free parameters, that is, the nanowire-specific
recombination time (τNW), the total effective trap density (�Ti)
and the coupling constant (γ) for the trapping process.

The contributions arising from overcoating and changes
in growth condition were separated by assuming that the
nanowire-specific charge recombination time changes from
τNW[1T] to τNW[2T] when moving from one- to two-temparature
growth of the core, and that the initial trap density changes

Figure 3. Normalized photoconductivity of four types of nanowires
and bulk GaAs as a function of time after photoexcitation. The
data from the different samples are distinguished by the following
labels and colors: Bulk GaAs (Bulk, brown), core-shell NWs
([nw2-CS], green), core-shell-skin NWs([nw3-CSS], black),
core-shell-skin NWs with high density of twin defects ([nw4-
DCSS], red), and core only NWs ([nw1-C], blue). All samples were
excited at a wavelength of 810 nm with a fluence of 60 µJ/cm2/
pulse corresponding to an areal photon density of around 2.4 ×
1014 cm-2. The risetime is likely to be resolution-limited, as the
intrinsic onset of photoconductivity in bulk SI-GaAs is ∼100 fs.9

The dashed lines are monoexponential fits as described in the text.

dN
dt

) - N
τintrinsic

- N
τNW

- γNT N(0) ) Ni

dT
dt

) -γNT T(0) ) Ti

(1)

Figure 4. (a) Photoconductivity lifetime τc is shown as a function
of incident fluence for all four nanowire types; [nw1-C] (0), [nw2-
CS] ()), [nw3-CSS] (O) and [nw4-DCSS] (×). The dashed lines
are a guide to the eye. (Below) Normalized photoconductivity
transients measured at (b) high fluence (60 µJ/cm2/pulse) and (c)
low fluence (9 µJ/cm2/pulse) along with the output of the numerical
model (as described in the text) for three of the nanowire samples.
The points represent the data while solid, dashed, and dot-dash lines
are used for the numerical model for [nw1-C], [nw2-CS], and [nw4-
DCSS] nanowires, respectively.
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from Ti[C] to Ti[CS] when moving from core-only to overcoated
nanowires. The coupling parameter γ describing the interac-
tion cross-section of charges with the traps was held constant
between the fits. The model solutions were fit simultaneously
to the photoconductivity traces for samples [nw1-C], [nw2-
CS], and [nw4-DCSS] at all excitation fluences investigated.
Figure 4b,c shows the global fits to the data for two different
excitation fluences with the extracted parameter values given
in Table 1. The excellent agreement between the conductivity
data and the model solutions validates our explanation that
a reduction of core surface trap states occurs as a result of
overcoating, and an increase in carrier lifetime arises from
a reduction of twin-defects inside the core material.

Charge carriers in nanometer-sized objects are inherently
more susceptible to interactions with surface states than those
in bulk materials.3,12 Control of the surface chemistry is
therefore essential in order for these objects to be imple-
mented successfully in nanoscale devices. Chemical surface
passivation of GaAs surfaces has previously been shown to
reduce both the surface trap density13 and potentially also
the surface recombination velocity.14 The latter has been
attributed to a change in surface potential, and a subsequent
reduction in the thickness of the surface depletion region.
However, even with an optimized surface passivation
protocol, the exciton-lifetime was not found to approach bulk
standards.14 More recently, several groups have investigated
the effect of overcoating nanowires with high-bandgap
lattice-matched shells as an alternative to surface passiva-
tion.15,16 Using this technique, the luminescence emission
efficiency was found to increase by 3 orders of magnitude
(at cryogenic temperatures) and specific nanowires were
demonstrated to have an emission lifetime approaching that
of bulk GaAs.2 However, for use of such nanowires in
electronics, the carrier mobility and lifetime at room tem-
perature are the most important quantities to investigate. Our
measurements and analysis demonstrate that at room tem-
perature overcoating GaAs nanowires with a high-bandgap
shell leads to an 82% reduction in the density of surface
trap states. In addition, we find that changing from a one-
temperature to a two-temperature growth procedure increases
the nanowire-specific carrier recombination lifetime τNW by
176%, that is, from 10.2 to 28.2 ps.

In addition to the assessment of carrier lifetimes, we are
able to determine the influence of growth techniques on the
charge-carrier mobility in the nanowires. For this purpose,
a second experimental approach was used in which the
frequency-dependent conductivity is measured at a fixed
delay after excitation. Figure 5 shows such data, collected
at a delay of 2 ps after photoexcitation in order to avoid the
complications associated with temporal overlap of the pump

and probe within the sample.17 A significant surface plasmon
resonance18 is seen between 1 and 2 THz for all four types
of nanowires in agreement with our previous measurements
on GaAs nanowires.3 We are able to fit the experimental
data assuming that the photoinduced conductivity ∆σ
comprises both a Drude-like free-carrier response and a
surface plasmon,3 that is, ∆σ ) (σDrude + σPlasmon), where

In these equations, Nd and Np represent the carrier densities
in the Drude mode and the plasmon mode respectively, Γ is
the momentum scattering rate and ω0 is the plasmon
frequency. The center frequency of the surface plasmon is
related to the carrier density by ω0 ) (fNpe2/m*εr)1/2, where
f is a geometrical factor (1/2 in the case of a cylinder)19 and
εr is the terahertz-frequency electric permittivity of the
material. Fitting these equations to the terahertz spectra (as
shown in Figure 5) allows the momentum scattering rate to
be extracted, from which the carrier mobility can be
determined through

Table 1. Parameter Values Extracted by Fitting the
Photoconductivity Decay Traces Shown in Figure 4b,c to
the solutions of Equation 1

parameter value

γ 1.62 × 10-7 cm3s-1

τNW[1T] 10.2 ps
τNW[2T] 28.2 ps
Ti[CS]/Ti[C] 0.182

Figure 5. Terahertz-frequency photoconductivity spectra for all four
types of nanowires. The data were taken at ∼2 ps after excitation
with at an excitation fluence of 227 µJ/cm2/pulse. The squares
represent the real part of the conductivity data, while the diamonds
represent the imaginary component of the data. The dashed lines
and filled areas are fits given by the model presented in the text,
which yield the charge-carrier mobilities displayed on the left.

σDrude )
iNde

2ω

m*(ω2 + iωΓ)

σPlasmon )
iNpe

2ω

m*(ω2 - ω0
2 + iωΓ)

(2)

µ ) e
m*Γ

(3)
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The charge mobility values obtained in this manner are
displayed in Figure 5 next to the respective photoconductivity
spectra for all samples.

Changing the growth conditions from a one-temperature
to a two-temperature procedure clearly has the most striking
effect on charge mobility. Sample [nw4-DCSS] grown by a
one-temperature procedure shows a mobility of 1200 cm2/
(V s) while reduction of twin-defect density through two-
temperature growth (sample [nw3-CSS]) yields a mobility
2250((70) cm2/(V s). This represents almost a doubling in
room-temperature carrier mobility resulting from the im-
proved growth techniques. Increases in carrier mobility
through nearly defect-free growth have previously been
postulated for GaN nanowires of over 100 nm diameter.20

Here we demonstrate that elimination of twin-defects results
in a nearly 2-fold increase in mobility, or a halving of the
momentum scattering rate, suggesting that momentum scat-
tering processes from twin-defects can have a significant
impact on material performance.

The effects of overcoating of the nanowires on the charge-
mobility are more subtle. While overcoating of the GaAs
core with AlGaAs appears to cause a slight drop in mobility
from ∼1850 to ∼1650 cm2/(V s), additional overcoating with
a GaAs skin leads to an increase to 2250 cm2/(V s). The
slight decrease in mobility upon overcoating the GaAs core
with AlGaAs may be caused by the adsorption of oxygen
into the AlGaAs shell. Adsorped oxygen may act both as a
scattering site for carriers and an exciton recombination site.2

The subsequent increase in mobility following additional
overcoating with GaAs may prevent such oxidation and also
lead to a change in surface field, the thickness of the
depletion region, or the nature of momentum scattering from
the interface. Further investigations will be required to
elucidate the microscopic origin of the changes in mobility
with overcoating.

In conclusion, we have demonstrated that both two-
temperature growth techniques and overcoating with a higher
bandgap semiconductor significantly enhance the perfor-
mance of GaAs nanowires. Our contactless terahertz con-
ductivity measurements show that reduction of twin-defect
states through two-temperature growth of the GaAs core
leads to an almost doubling of the charge-carrier mobility
and a tripling of the (nonsaturable) carrier lifetime. Surface
states were found to have a strong impact on the electronic
properties of these nanosized objects, causing a nonlinear,
saturable component in the charge dynamics. However,
overcoating the GaAs core reduces the density of such
surface traps by 82%, resulting in longer-lived charge

conductivity. Both techniques represent a significant step
toward achieving bulklike material quality for nanomaterials,
and point toward successful application of these nanowires
in a wide variety of high-mobility, high speed optoelectronic
devices.
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(10) Kužel, P.; Kadlec, F.; Němec, H. J. Chem. Phys. 2007, 127, 11.
(11) Jepsen, P. U.; Schairer, W.; Libon, I. H.; Lemmer, U.; Hecker, N. E.;

Birkholz, M.; Lips, K.; Schall, M. Appl. Phys. Lett. 2001, 79, 1291.
(12) Cooke, D. G.; MacDonald, A. N.; Hryciw, A.; Meldrum, A.; Wang,

J.; Li, Q.; Hegmann, F. A. J. Mater. Sci.: Mater. Electron. 2007, 18,
S447–S452.

(13) Lloyd-Hughes, J.; Merchant, S. K. E.; Fu, L.; Tan, H. H.; Jagadish,
C.; Castro-Camus, E.; Johnston, M. B. Appl. Phys. Lett. 2006, 89,
232102.

(14) Ogawa, K.; Haraguchi, K.; Hiruma, K.; Fujisaki, Y.; Katsuyama, T.;
Fasol, G. J. Lumin. 1992, 53, 387–390.
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