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Abstract

We have performed a comparative study of ultrafast charge carrier dynamics in a range of

III–V nanowires using optical pump–terahertz probe spectroscopy. This versatile technique

allows measurement of important parameters for device applications, including carrier

lifetimes, surface recombination velocities, carrier mobilities and donor doping levels. GaAs,

InAs and InP nanowires of varying diameters were measured. For all samples, the electronic

response was dominated by a pronounced surface plasmon mode. Of the three nanowire

materials, InAs nanowires exhibited the highest electron mobilities of 6000 cm2 V−1 s−1,

which highlights their potential for high mobility applications, such as field effect transistors.

InP nanowires exhibited the longest carrier lifetimes and the lowest surface recombination

velocity of 170 cm s−1. This very low surface recombination velocity makes InP nanowires

suitable for applications where carrier lifetime is crucial, such as in photovoltaics. In contrast,

the carrier lifetimes in GaAs nanowires were extremely short, of the order of picoseconds, due

to the high surface recombination velocity, which was measured as 5.4 × 105 cm s−1. These

findings will assist in the choice of nanowires for different applications, and identify the

challenges in producing nanowires suitable for future electronic and optoelectronic devices.

(Some figures may appear in colour only in the online journal)

1. Introduction

III–V semiconductor nanowires, such as GaAs, InAs and InP

nanowires, show enormous promise as active components in

solar cells [1], photodetectors [2], light-emitting diodes [3]

and ultrahigh density transistors [4]. The future development

of these nanowire-based devices requires a thorough

understanding of charge carrier dynamics and transport in

nanowires. Progress in understanding these properties has,

however, been hampered because conventional techniques

for measuring electrical transport require lithographically

placed electrical contacts to individual nanowires, and the

measurements are subject to artefacts arising from the

electrical contacts and the models used to extract transport

parameters [5, 6]. Contact-free measurements of carrier

dynamics have largely been limited to photoluminescence

(PL) investigations at low temperatures [7, 8]. Noncontact

measurements at room temperature are less frequently

reported, one example being the recent transmission Raman

spectroscopy measurements of hole mobility in p-type GaAs

nanowires [9]. Room temperature measurements such as these

are essential, because future nanowire-based devices will be

operated at room temperature.
With these considerations in mind, one especially

promising and versatile technique is optical pump–terahertz

probe (OPTP) time domain spectroscopy [10, 11]. OPTP
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spectroscopy is a noncontact room temperature technique

with the capability to measure both carrier mobility and

lifetime on timescales from under 1 ps to over 1 ns, and is

therefore particularly well suited to studies of carrier transport

in nanowires [12].

In this contribution we examine carrier lifetimes and

mobilities in GaAs, InAs and InP nanowires using OPTP

spectroscopy. The comparison of the three materials allows

us to identify which nanowire types are suitable for different

applications. These measurements also allow us to compare

nanowire properties to those of bulk materials, and to

identify future challenges in improving nanowire properties

by tailoring growth techniques or by using surface passivation.

We found that the carrier lifetimes in GaAs nanowires

are extremely sensitive to nanowire diameter, and attribute

the short 1–5 ps carrier lifetimes to the very high surface

recombination velocity at GaAs surfaces. In marked contrast,

carrier lifetimes in InP nanowires were consistently greater

than 1 ns regardless of nanowire diameter, owing to the

very low surface recombination velocity of InP surfaces.

From photoconductivity spectra we measured the electron

mobilities of GaAs, InAs and InP nanowires. We found

that InAs nanowires exhibited the highest mobilities, of

6000 cm2 V−1 s−1, which is amongst the highest room

temperature mobilities reported for nanowires [13]. This

suggests the potential of InAs nanowires for high mobility

applications. Additionally, we present a method which allows

us to use OPTP measurements to measure the levels of

unintentional doping present in the nanowires.

2. Experimental method

2.1. Nanowire sample preparation

Nanowires were grown by metal–organic chemical vapour

deposition (MOCVD) using Au nanoparticles to direct

nanowire growth. GaAs, InAs and InP nanowires were grown

on GaAs(111)B, InAs(111)B and InP(111)B substrates,

respectively. The substrates were treated with poly-L-lysine

and separate pieces were treated with 20, 30, 50 or 80 nm

diameter colloidal Au nanoparticles. These four different

nanoparticle sizes were used so that different diameter

nanowires could be grown, as the Au nanoparticle diameter

is a principal determinant of nanowire diameter. GaAs

nanowires were grown with trimethylgallium (TMG) and

arsine (AsH3) precursors via a two-temperature growth

procedure [14] with growth at 375 ◦C and a V/III ratio of

46. InAs nanowires were grown using trimethylindium (TMI)

and AsH3 at a temperature of 400 ◦C and V/III ratio of

46. InP nanowires were grown using TMI and phosphine

(PH3) precursors at 420 ◦C and V/III ratio of 700. The

growth conditions for GaAs and InAs nanowires were chosen

to achieve zinc-blende (ZB) crystal structure with minimal

twin defects [15]. The InP nanowires featured predominantly

wurtzite (WZ) crystal structure with thin ZB sections and

stacking faults [16].

The nanowires were then transferred to z-cut quartz by

rubbing the as-grown substrates against the quartz substrates.

Figure 1. SEM images of ((a), (b)) GaAs nanowires of 50 nm
average diameter, ((c), (d)) InAs nanowires of 45 nm average
diameter and ((e), (f)) InP nanowires of 50 nm average diameter.
Images (a), (c) and (e) show nanowires as-grown on original (111)B
substrates at a tilt of 40◦. Images (b), (d) and (f) show nanowires
transferred to quartz substrates for OPTP measurements. Scale bars
are 1 µm.

The quartz substrates do not exhibit any photoconductivity

response, so are appropriate host substrates for OPTP

measurements of nanowires. Figure 1 illustrates typical

scanning electron microscope (SEM) images of as-grown

nanowires and of nanowires on quartz. Each quartz substrate

hosted randomly oriented nanowires of a particular average

diameter. This average diameter was measured by SEM

according to a procedure outlined previously [16]. The

nanowire diameters were dictated by the diameter of the

original Au nanoparticles and the amount of radial growth on

the nanowire sidewalls. GaAs nanowires exhibited minimal

radial growth and the 30, 50 and 80 nm diameter nanoparticles

respectively gave rise to 30, 50 and 80 nm diameter GaAs

nanowires. InAs nanowires exhibited more radial growth

so that the 20, 30, 50 and 80 nm diameter nanoparticles

resulted in wider average nanowire diameters of 27, 45, 95

and 195 nm, respectively. InP nanowires exhibited significant

radial growth, giving average nanowire diameters of 50, 85,

135 and 160 nm. Hereafter, nanowires will be referred to by

their average diameters on the quartz substrates.

2.2. Optical pump–terahertz probe spectroscopy

We performed OPTP measurements using a terahertz

spectrometer described previously [16]. Briefly, the nanowires

were photoexcited with an optical pump pulse centred at

800 nm with a duration of 35 fs. Photoexcitation fluences

between 1 and 100 µJ cm−2 were used. Photoexcitation

of the sample induced a change 1E in the transmission of

the terahertz probe pulse. The spectrometer measured the

transmitted terahertz electric field: E without photoexcitation,

and E − 1E with photoexcitation.
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Figure 2. Pump-induced change in terahertz electric field (1E/E) at different pump–probe delays. (a) 1E/E decays for 30, 50, and 80 nm
diameter GaAs nanowires, fitted with carrier lifetimes of τ = 1.3, 2.4 and 4.7 ps, respectively. (b) 1E/E decays for 27, 45, 95 and 195 nm
diameter InAs nanowires, fitted with carrier lifetimes of τ = 200, 290, 470 and 660 ps, respectively. (c) 1E/E decays for 50, 85, 135 and
160 nm diameter InP nanowires, fitted with carrier lifetimes of τ = 1.18, 1.27, 1.30 and 1.34 ns, respectively. These are scaled for clarity.
The photoexcitation pump fluence was 10 µJ cm−2. Straight lines are monoexponential fits to the decays at early times after
photoexcitation. Data in (c) are reproduced with permission from [16]. (Copyright 2012 American Chemical Society.)

The differential transmission 1E of the terahertz pulse

can be directly converted to the photoinduced conductivity,

1σ , of the nanowires as outlined previously [16]. In this

manner, the photoconductivity spectra of section 3.2 were

obtained. The pump–probe decay curves of section 3.1 were

produced by measuring 1E at the peak of the terahertz

pulse, as a function of delay after the photoexcitation pulse.

We performed all analyses with the approximation that

the measured photoconductivity arises from photoexcited

electrons only, because in III–V semiconductors the hole

effective mass is significantly larger than the electron effective

mass.

3. Results and discussion

3.1. Photoconductivity decay

Our first comparison between nanowire material systems

concerns carrier lifetime and the effect of nanowire surfaces.

Due to the very high surface area-to-volume ratios intrinsic to

nanowires, surface states can have a marked influence on the

electronic properties of the nanowires. Significantly, surface

states act as nonradiative recombination centres which can

substantially reduce the carrier lifetime in the semiconductor.
To determine the role of surfaces states in each nanowire

material system, we have measured photoconductivity

lifetimes for several samples of different diameters. The

smaller the nanowire diameter, the higher the surface

area-to-volume ratio. Decays of 1E/E are presented in

figure 2, along with monoexponential fits to the decays.

Monoexponential functions provide suitable fits to the decay

traces for both InAs and InP nanowires. The decay traces

for GaAs nanowires deviate from monoexponential behaviour

due to saturable carrier trapping at nanowire surfaces [17].

Specifically, as photoexcited carriers are rapidly trapped at

surface states, the surface traps become filled, so that the rate

of carrier trapping slows with time after photoexcitation [17].

To obtain an accurate view of surface recombination when

the surface traps are originally unoccupied, we have fitted the

GaAs nanowire data at early times after photoexcitation.

From figure 2 it is clear that the photoconductivity of

GaAs nanowires decays rapidly on picosecond timescales,

and that this lifetime is strongly dependent on nanowire

diameter. Smaller nanowire diameters feature the fastest

decays. The carrier lifetime in InAs nanowires is longer, but

is similarly dependent on nanowire diameter. InP nanowires,

in contrast, feature long carrier lifetimes of over 1 ns with

minimal dependence on nanowire diameter. The observations

are correlated with the surface recombination velocity of these

materials, which is known to be highest for GaAs and lowest

for InP [18]. To further examine this, we calculate the surface

recombination velocity for each material as follows.

The effective recombination time in nanowires is closely

approximated by the function [16, 19]:

1

τ
=

1

τvolume
+

4S

d
(1)

where d is the nanowire diameter, S is the surface

recombination velocity and τvolume is the time constant for

recombination at volume defects. By fitting equation (1) to

the experimental τ values we extract surface recombination

velocities of 5.4 × 105, 3.0 × 103 and 170 cm s−1 for

GaAs, InAs and InP surfaces, respectively. These values

are consistent with results obtained for bulk GaAs [20,

21], InAs [22] and InP [23–25]. The very high surface

recombination velocity of GaAs nanowires points to the

importance of surface passivation. Surface passivation has

been shown to increase the carrier lifetime in GaAs

nanowires [17, 26] and improve band-edge PL emission

from InAs nanowires [27]. In contrast, the remarkably low

surface recombination velocity of InP nanowires makes

them promising for many electronic applications, such as

photovoltaics, which require long carrier lifetimes.

3.2. Photoconductivity spectra

The next comparison of GaAs, InAs and InP nanowires uses

photoconductivity spectra to assess carrier scattering, carrier

mobilities and doping levels. We measured photoconductivity

spectra at a number of different fluences and times after
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Figure 3. Fluence dependence of terahertz conductivity of 50 nm
diameter GaAs nanowires. All spectra were taken at 2 ps after
photoexcitation. ((a)–(c)) Photoinduced conductivity with
photoexcitation fluences of (a) 100 (b) 20 and (c) 10 µJ cm−2. The
symbols are the measured data and the lines are the fitted plasmon
responses. The real (black circles and lines) and imaginary (grey
squares and lines) components of the conductivity are plotted. (d)
Surface plasmon frequencies ω0 extracted from the complete set of
measured spectra.

photoexcitation. Figure 3 illustrates typical photoconductivity

spectra obtained for GaAs nanowires at different photoexcita-

tion fluences. Figures 4 and 5 show typical photoconductivity

spectra obtained for InAs and InP nanowires, respectively,

at different times after photoexcitation. So that the results

are comparable, we measured nanowires of similar average

diameters: 50 nm for GaAs nanowires, 45 nm for InAs

nanowires and 50 nm for InP nanowires. These samples

correspond to the SEM images of figure 1.

All the spectra featured a pronounced Lorentzian

response. As illustrated in figure 3, the resonance shifts to

higher frequencies with increasing photoexcitation fluence.

The resonance shifts to lower frequencies with time after

photoexcitation, as evident in figures 4 and 5. In this

manner, the resonant frequency increases with increasing

carrier density, which is characteristic of localized surface

plasmon (LSP) modes [28]. This type of response is well

characterized for metallic nanostructures, which exhibit LSP

modes in the ultraviolet, visible and near infrared ranges.

In semiconductor nanostructures, with lower carrier densities

than their metallic counterparts, LSP resonances fall in the

terahertz range. Terahertz LSP modes have been observed in a

variety of semiconductor nanostructures and microstructures,

such as Si microstructures [28, 29], and GaAs [30], GaN [31],

InAs [32], InP [16] and Ge nanowires [33]. We therefore

attribute the response to a surface plasmon mode. The

complex photoconductivity of a free electron plasma with a

surface plasmon resonance is given by

1σ =
iNpe2ω

m∗
e(ω

2 − ω2
0,Np

+ iωγ )
, (2)

Figure 4. Time-resolved conductivity of photoexcited carriers in
45 nm diameter InAs nanowires at times (a) 100 ps, (b) 250 ps and
(c) 500 ps after the pump excitation pulse. The incident pump pulse
fluence was 10 µJ cm−2. The symbols are the measured data and the
lines are the fitted plasmon responses. The real (black circles and
lines) and imaginary (grey squares and lines) components of the
conductivity are plotted. (d) Surface plasmon frequencies ω0

extracted from the complete set of measured spectra.

Figure 5. Time-resolved conductivity of photoexcited carriers in
50 nm diameter InP nanowires at times (a) 20 ps, (b) 250 ps and (c)
500 ps after the pump excitation pulse. The incident pump pulse
fluence was 10 µJ cm−2. The symbols are the measured data and the
lines are the fitted plasmon responses. The real (black circles and
lines) and imaginary (grey squares and lines) components of the
conductivity are plotted. (d) Surface plasmon frequencies ω0

extracted from the complete set of measured spectra. Data in
((a)–(c)) are reproduced with permission from [16]. (Copyright
2012 American Chemical Society.)

where Np is the photoexcited carrier density, e is the electronic

charge, m∗
e is the electron effective mass, ω0 is the surface

plasmon resonance and γ is the momentum scattering rate.

The surface plasmon frequency is a function of Np, and is
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Table 1. Parameters extracted for the nanowire samples, including surface recombination velocity (S), ionized donor density (Nd), electron
scattering rate (γ ) and electron mobility (µ). The quantities in brackets indicate the range of parameters giving adequate fits. The
uncertainty in S is less than 10%. Typical electron mobilities (µbulk) for bulk semiconductors are also given [40, 44, 45].

Nanowires S (cm s−1) Nd (×1015 cm−3) γ (×1013 s−1) µ (cm2 V−1 s−1) µbulk (cm2 V−1 s−1)

GaAs 5.4 × 105 — 2.7 (±0.3) 1000 (±100) 7000

InAs 3.0 × 103 5 (±2) 1.4 (±0.3) 6000 (±1000) 22 700
InP 170 10 (±3) 3.1 (±0.5) 700 (±100) 6000

given by

ω0,Np =

√

fNpe2

m∗
eǫrǫ0

, (3)

where ǫr is the static dielectric constant of the nanowires, ǫ0 is

the permittivity of free space and f is a constant dependent

on the nanowire geometry and the surrounding dielectric

medium [32, 34, 35]. For m∗
e and ǫr we use the values for

bulk ZB semiconductors, namely m∗
e = 0.063me and ǫr =

12.95 for GaAs nanowires, m∗
e = 0.022me and ǫr = 15.15

for InAs nanowires and m∗
e = 0.080me and ǫr = 12.5 for InP

nanowires.

For doped samples and samples with small band gaps,

there can be a significant carrier density present without

photoexcitation. In this case, equation (2) is modified to

1σ =
i(Np + Neq)e

2ω

m∗
e(ω

2 − ω2
0,Np+Neq

+ iωγ )

−
iNeqe2ω

m∗
e(ω

2 − ω2
0,Neq

+ iωγ )
, (4)

where

ω0,Np+Neq =

√

f (Np + Neq)e2

m∗
eǫrǫ0

, (5)

and

ω0,Neq =

√

fNeqe2

m∗
eǫrǫ0

. (6)

This modification accounts for the intrinsic and extrinsic

carriers, with total equilibrium density Neq, already present

in the sample before photoexcitation. Equation (4) thus gives

the change in conductivity under photoexcitation.

For each sample we performed a global fitting routine

to its complete set of spectra, taken at various times after

photoexcitation and at various fluences. We used Neq and f

as global fitting parameters, that is, fitting parameters held

fixed for all spectra for a given sample. The photoexcited

carrier density varies with fluence and with time after

photoexcitation, so Np was used as a local fitting parameter,

that is, a parameter allowed to vary between spectra. Good

fits were obtained for GaAs nanowires using the unmodified

equation (2). This indicates that the ionized donor density,

Neq, in these nanowires was negligible. Accordingly, the fitted

surface plasmon frequency, ω0 follows equation (3). This is

plotted in figure 3(d), which clearly shows ω0 is proportional

to
√

Np and passes through the origin when Np = 0.

In the case of InAs nanowires, the fitting procedure gave

an equilibrium carrier density of Neq = 6 × 1015 cm−3. As

InAs is a narrow band gap semiconductor with a significant

intrinsic carrier density, both intrinsic and extrinsic charge

carriers contribute to Neq. The intrinsic electron density in

bulk InAs at room temperature is 7.8 × 1014 cm−3. The

remaining carrier density can be attributed to ionized donors,

with a density of approximately Nd = 5 × 1015 cm−3.

This low level of unintentional doping is reasonable, firstly

because surface states in InAs are donorlike and cause a

surface electron accumulation layer which contributes to

Nd [36, 37]. Secondly, carbon donors are likely to be present,

because carbon is a decomposition product of trimethylindium

during MOCVD growth [38]. Low growth temperatures, as

employed for InAs nanowire growth, are known to increase

the incorporation of carbon impurities as donors in InAs [38,

39]. Due to the intrinsic carrier density and background

doping, the fitted surface plasmon frequency, ω0, follows

equation (5) as plotted in figure 4(d). When Np = 0, ω0

does not pass through the origin in figure 4(d), and instead

intercepts at ω0,Neq as given by equation (6).

The terahertz conductivity response of InP nanowires

has been analysed in detail in our previous publication [16],

where we found it necessary to include background doping

to fit to individual spectra. Here we improve upon the model

presented in [16] by performing a global fit to all measured

spectra, similar to the procedure described above for InAs

nanowires. We deduce a background doping density of Neq =

1×1016 cm−3. The fitted surface plasmon frequency is plotted

in figure 5(d).

The extracted scattering rates, γ , are summarized in

table 1. Using these scattering rates we calculate the carrier

mobilities via

µ =
e

m∗
eγ

. (7)

We calculate mobilities of 1000 cm2 V−1 s−1 for GaAs

nanowires, 6000 cm2 V−1 s−1 for InAs nanowires and

700 cm2 V−1 s−1 for InP nanowires. The mobility of InAs

nanowires was the highest of all nanowires investigated, and

is only a factor of 4 lower than typical electron mobilities

in high quality bulk InAs at room temperature [40, 41].

This discrepancy between bulk and nanowire values may be

due to higher surface scattering in InAs nanowires. Surface

scattering can be marked in nanowires because of their large

surface area-to-volume ratios. Surface scattering is anticipated

to be particularly significant in InAs nanowires, because at

InAs surfaces the Fermi level is pinned in the conduction

band, producing an electron surface accumulation layer where

5
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electrons experience increased surface scattering [37]. Surface

passivation may be useful to unpin the Fermi level from

the conduction band, and hence reduce surface scattering

and produce higher electron mobilities approaching bulk

values [42, 43]. Yet, even without surface treatment, the very

high electron mobility measured highlights the potential of

InAs nanowires for high mobility applications, such as in field

effect transistors.

InP nanowires featured the lowest mobility. The mobility

was significantly lower than values reported for optimized

bulk InP [44], and we have previously shown that in these

InP nanowires the mobility is limited by significant carrier

scattering at ZB–WZ boundaries and stacking faults [16]. The

GaAs and InAs nanowires investigated, on the other hand,

are purely ZB, so their mobility values are not affected by

scattering at ZB–WZ boundaries.

The mobility of GaAs nanowires was a factor of 6

lower than typical mobilities in bulk GaAs [45]. The lower

mobility compared to bulk may be due to electron scattering

at nanowire surfaces. In future, surface passivation, as used to

improve carrier lifetimes, may improve the mobility in GaAs

nanowires.

4. Conclusion

In summary, we have used OPTP spectroscopy to compare

the electronic properties of GaAs, InAs and InP nanowires.

We measured picosecond-long carrier lifetimes in GaAs

nanowires, finding that the lifetime is severely limited by the

extremely high surface recombination velocity. This indicates

that highly effective surface passivation will be crucial

for future GaAs nanowire-based devices. InP nanowires

exhibited the longest carrier lifetimes and lowest surface

recombination velocity, suggesting their potential for a

number of optoelectronic devices including solar cells. InP

nanowires, however, exhibited the lowest electron mobilities

due to the high density of stacking faults and ZB–WZ

polytypism. This presents a challenge to nanowire growers,

to achieve phase-pure InP nanowires for higher electron

mobilities. Finally, InAs nanowires exhibited very high

electron mobilities of 6000 cm2 V−1 s−1, suggesting their

immediate suitability for applications such as high electron

mobility transistors.
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