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ABSTRACT

The time-resolved conductivity of isolated GaAs nanowires is investigated by optical-pump terahertz-probe time-domain spectroscopy. The
electronic response exhibits a pronounced surface plasmon mode that forms within 300 fs before decaying within 10 ps as a result of charge
trapping at the nanowire surface. The mobility is extracted using the Drude model for a plasmon and found to be remarkably high, being
roughly one-third of that typical for bulk GaAs at room temperature.

An understanding of the dynamics of charge carriers in
semiconductor nanostructures is critical to the use of these
materials in electronic and optoelectronic devices. In par-
ticular, semiconductor nanowires show promise as single
photon detectors? electrically driven laser$,nanoscale
transistors, and in dye-sensitized solar cellé.Here, we
determine the conductivity of photoexcited GaAs nanowires
on subpicosecond to nanosecond timescales using terahertz
spectroscopy. We have studied the transient photoconductiv-
ity of GaAs nanowires using a time-resolved terahertz
method. Terahertz time-domain spectroscopy (THz-TDS) is
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an excellent probe of quasiparticle dynamics on time scales \ O 3 ‘h

from under 1 ps to more than 1 AsTo analyze carrier _ _ _ _
dynamics in semiconductors, excited species may be pho_Flgure 1. Scanning electron micrograph of GaAs nanowires on a
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s ; ; quartz substrate. The scale bar (white) represepts;2he image
toinjected into the sample using a pulse from a femtosecondwas taken at 45to the surface. The random orientation of the

laser, anq the complex conductivity can b? tracked using @nanowires is caused by the lack of symmetry of the substrate. The
delayed single-cycle pulse of terahertz radiafidime broad  inset indicates three orthogonal orientations of the polarization of
bandwidth of terahertz pulses allows the characterization of the terahertz electric field. The geometrical factdrin the surface

the complex conductivity of a sample across a frequency Plasmon frequency is gliven by @)= 0 f?r T parallel to the axis
range comparable to typical plasma frequencies and mo-©f the nanowire, (iljf =/, and (iij) f = */s.

mentum scattering rates in semiconductors. Recent studiesd_ﬁ_ lties i King Ohmi ved il
of nanomaterials using THz-TDS have examined silicon 24 ties In making Ohmic contacts to a nanosized material

micro- and nanocrystatsl® InP and CdSe nanoparticlés? THz-TDS also has a range of advantages over other ultrafast
and nanostructured ZnB.0One benefit of the THz-TDS techniques: for example, time-resolved photoluminescence
approach is that it is noncontact and therefore avoids artefactgneasurements of carrier lifetimes in GaAs nanowires are

that may arise in purely electrical measurements from nindered by a large defect density that reduces the photo-
luminescence efficiencyf.
In thi we examin nanowir rown from
* Corresponding authors. E-mail: m.johnston1@physics.ox.ac.uk (M.B.J.); |dt ﬁS.EjUdy’ de exa e GaAs ba Of@'?z gro .O a
|.herz@physics.ox.ac.uk (L.M.H.). gold colloid seed on a-cut quartz substrate.The scanning
TUniversity of Oxford, Department of Physics, Clarendon Laboratory. electron micrograph (SEM) image of the sample (Figure 1)
* Department of Electronic Materials Engineering, Research School of shows an anisotropic array of nanowires with gold nano-
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Figure 2. Pump-induced change in peak transmitted terahertz
electric field AT/T) for different pump-probe delays, for GaAs
nanowires excited at 800 nm with an incident pump fluence of 44
uJd cm2 (crosses), and 1.3 mJ ci(squares). Solid lines indicate
exponential fits, used to extract conductivity decay times shown in
Figure 4g). The dashed line is for bulk GaAs at 1.3 mJ€but
reduced in scale by a factor of 75. A weak laser pre-pulse is
responsible for the nonzedT/T att < 0. Inset: AT/T up tot =

1 ns for the nanowires (squares) and bulk GaAs (black #&g)

at the higher (1.3 mJ cm) pump fluence. In both caseST/T
exhibits a slow exponential decay witht> 1 ns at long delay times.

nanowiresum=2, wire length of 5-10 um, and areal fill
fraction of 10+ 2% was determined from multiple SEM
images, with wire diameters of 5000 nm. The dynamics

(squares), the nanowires exhibit a nonexponential decay in
ATIT, which is proportional to the conductivity. In com-
parison, bulk GaAs has a monoexponential carrier lifetime
of ~3.5 ns at the same pump fluence, as the inset to Figure
2 indicates. The substantially shorter conductivity dynamic
for GaAs nanowires is a consequence of carrier trapping at
surface defects and underlines their potential for use in
ultrafast nanoscale optoelectronic devices. The shape of the
decay inAT/T alters with the pump fluence, tending to a
faster, monoexponential conductivity decay at lower pump
fluence, as illustrated for 44J cnT2 in Figure 2 (circles).
This effect results from surface trap saturation, as discussed
in more detail below.

By fixing the pump-probe delayt and recording the
change in terahertz transmission, we determined the frequency-
dependence of the photoinduced conductivity(w, t) of
GaAs nanowires, providing a time-resolved monitor of
guasiparticle dynamics in the material. To obtain(w,t)
from AT(w,t)/T(w,t), we used an expression derived from
standard thin-film optics. This model accounts for effects
arising from the angular and size distributions of the
nanowires, as explained in the Supporting Information.
Figure 3 shows the extracted complex conductivity at several
early pump delay times after the photoinjection of carriers.
Here, the real part ofAo(w,t) may be thought of as the
resistive response of the nanowires, with the imaginary part
being associated with an additional capacitative or inductive
response. During the first 200 fs after excitation, the real
part of the conductivity is positive and has no discernible

of photoexcited electrons were measured by time-resolvedfrequency dependence (Figure 3a). This indicates the pres-

THz-TDS using a setup described in the Supporting Infor-

ence of photogenerated free carriers with a large scattering

mation. Figure 2 shows the pump-induced change in the peakrate. However, over the next 300 fs, a peak appears in the
of the terahertz electric field pulse transmitted through the real part of the conductivity (Figure 3a), accompanied by a

sample AT/T) as a function of time after excitation. Over
the first 5 ps, at an excitation-pulse fluence of 1.3 mJtm
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Figure 3. Time-resolved conductivity of photoexcited electrons, and the carrier density and scattering rate extracted from the plasmon

corresponding zero crossing in the imaginary part (Figure
3b). The frequency of this feature decreases with delay time
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model described in the text. The (a) real and (b) imaginary components of the conductivity are given at a series-pfpbengelay times
for an incident pump pulse fluence of 1.3 mJ@mThe circles are the raw data and the lines are fits including both plasmon and plasma

responses. The parameters extracted from these fits are shown

(squares), with an exponential fit (solid line) with time constant 270 fs drawn as a guide to the eye. The filled area is the carrier density
NpiasmonCONtributing to the plasmonic response. Figure (d) shows the scattering rate (squares), with an exponential decay (solid line) with

time constant 178 fs.
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in (c) and (d). Figure (c) gives the total carri®,dansity Npiasma
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t, and we therefore attribute it to a carrier-density dependent
mode such as a localized surface plasmon (ESBbher than
an excitonic transitiod’® At later timest > 2 ps, this

resonance has shifted below the frequency resolution of the

system, returning to a free-carrier type response at our longes
accessible delay (1 ns, not shown).

Numerous models of features ino(w,t) have been
proposed, including: localized surface plasmon (LSP) mbdes,
transitions between excitonic statésnd the Drude Smith
model, which introduces a further parametgrrelated to
incomplete randomisation of carrier momentum upon scat-
tering!® While the Drude-Smith model can produce com-

parable shapes of the frequency-dependent conductivity to

the surface plasmon model (whep~ —1, c,-1 = 0), it
would require a time-varying backscattering parameter to
model our data, which has no obvious physical origin. We
therefore utilize the surface plasmon approach to model the
conductivity. Terahertz radiation can couple into the (nor-
mally forbidden) plasmon mode due to the narrow width (50
nm) of the nanowires and the interaction between the mode
on adjacent sides of the same nanowWrdhe emergence
of collective modes such as LSPs is expected to occur for
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Figure 4. Pump fluence dependence of terahertz conductivity at a
pump—probe delayt 550 fs. Real part of photoinduced
conductivity after excitation with various pump energies: (a) 2 mJ
cm2, (b) 1.1 mJ cm?, (c) 0.79 mJ cm?, (d) 0.57 mJ cm?, and

(e) 0.42 mJ cm?, where points are raw data and solid lines are
from the model described in the text. Figure (f) shows the extracted

nanoparticles, where the carrier dynamics are dominated byplasmon frequencyy, as a function of pump fluence (circles)

surface effect8§20

LSP modes are coherent oscillations of the electiorie
plasma, modified from the bulk plasma frequency by the
interaction with the plasma/dielectric surface interface. The
relationship between the carrier dendityand the plasmon
frequencywy, is given bywéI = (fN&)/ege*. Here, m* is
the effective electron mass, the high-frequency dielec-
tric response of the nanowires, ahi a factor dependent
upon the surface geometry and the surrounding dielectric
medium?! For a terahertz electric field polarized perpen-
dicular to the axis of a cylindric nanowire in vacuufs
1/, or f = 13 (see inset to Figure 1), while far parallel to
the nanowire’s axid,= 0, and the only conductivity response
is due to the bulk plasma mode. The complex conductivity
of a free-electron plasma with a plasmon resonance is given
within the Drude framework 5y

iNEw
m*(w? — a)p|2 +iwy)

o(w) =

1)

where wp is the plasmon frequency (determined by the
relationship given earlier) andis the momentum scattering
rate. For an ensemble of nanowires oriented at random
angles, we expect a contribution to the photoinduced
conductivity dominated by two different modes: a plasmon
atwp and the bulk plasma aiy = 0. To model the measured
Ao(w,t), we therefore sum two contributions to the conduc-
tivity of the form given in eq 1, one with a carrier density
Nouk @ndf = 0 for the bulk mode and another with carrier
density Npiasmonand f = %, (as thef = %3 mode presents
negligible surface area). The scattering ratie assumed to

be the same for both modes. Excellent fits to the measured
data are obtained over the full range of pungpobe delays

t, as indicated by the solid lines in Figure 3. The carrier

in comparison with a prediction from, O VFOVN. Figure (g)
gives the lifetime of the conductivity as a function of incident pump
fluence extracted from exponential fits to a series of ptipbe
delay scans. The rate equation model described in the text (solid
line) accurately reproduces the fluence dependence of the carrier
lifetime.

function of pump-probe delay in parts ¢ and d of Figure 3,
respectively. While the carrier density in the bulklike mode

is observed to form rapidly, that in the plasmon mode has
only built up after 300 fs. In bulk GaAs, the free-electron
plasma response develops over a time scale comparable with
the inverse of the plasma frequeriéyhe plasmon frequency

is lower than that of the plasma, consistent with the observed
longer formation time for the nanowires. In Figure 3d, the
scattering rate can be seen to decrease initially ifore
remaining roughly constant at & * for t > 400 fs. From

the extracted scattering rates, we determine the charge carrier
mobility u in the long-time limit within the Drude model:(

= ent~! y71) to be 2600 crh V™! s Remarkably, this
value is only a factor of 3 lower than typical electron
mobilities in bulk GaAs at room temperatiiighlighting

the prospect of implementation of these structures in fast
nanoscale electronics.

The observed drop in the carrier density with time is
indicative of the ultrafast trapping or decay of the surface
carrier population. An experiment using a fixed pusgpobe
delay ¢ = 550 fs) and a range of incident pump fluenées
was carried out to allow comparison between plasmon
frequenciesyv, deduced from experiment with those antici-
pated assuming linearity between the pump fluence and
photoexcited carrier density. The plasma frequencies ex-
tracted from fits to the conductivity spectra (Figure—42
using the previously discussed model are plotted in Figure
4f) as a function of pump fluence. While the plasmon
frequency increases with pump fluence, it does not scale

densities and scattering rates extracted are shown as according towp 0 VF O vN. This suggests that the
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photoexcited carrier density in the first 550 fs is nonlinear  Supporting Information Available: Details of experi-
with respect to fluence. Such behavior may be expected, asmental procedure and thin-film model. This material is
either band-filling or ultrafast trapping within the first 550 available free of charge via the Internet at http://pubs.acs.org.
fs can lead to a saturation of carriers that are able to take
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