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S
olar cells based on silicon micro- and
nanowire arrays1�8 are an attractive
alternative to planar Si devices. They

possess excellent light-harvesting capabilities
through light scattering and trapping9,10 and
enhanced collection efficiencies of photogen-
erated charge carriers through short transport
distances.11 The structure is also advanta-
geous for the fabrication of organic-Si nano-
wire heterojunctions. A conversion efficiency
as high as 9.7% has been demonstrated in
organic-Si nanowire heterojunctions.1 Large-
area arrays of Si nanowires can be grown on
silicon wafers or flexible metal foils using the
vapor�liquid�solid (VLS) process.5�9 How-
ever, the use of metal catalysts, such as gold,
results in increased carrier recombination
within the wires, as well as significant surface
recombination.11,12 Metal-assistedwet chemi-
cal etching is an alternative method that can
simply and cost-effectively fabricate silicon
nanowire arrays from bulk Si at room temp-
erature.1�4,13 In this method, the doping den-
sity in nanowires can be controlled by that in
the bulk Si wafers without introducing addi-
tional metal contaminations. The carrier life-
time and, consequently, the collection effici-
ency are expected to increase significantly.
Photoconductivity of chemically etched

nanowires has been widely studied,14 but
direct information on its dynamics, particu-
larly in the picosecond to nanosecond re-
gime, crucial for understanding the charge
separation and transport processes, is still
not available. Scanning photocurrentmicro-
scopy has been employed to determine the
carrier diffusion length in single-nanowire
solar cells.15 The carrier lifetime can be
estimated if diffusion is dominated by bulk
recombination. The technique, however,
cannot differentiate bulk recombination
from surface recombination. Furthermore,

the surface band bending in etched silicon
nanowires resulted from H-defect dangling
bonds and H2O and CO2 adsorbates,

16,17 and
its influence on charge separation18 has been
discussed. The direct effect of band bending
on carrier mobility and lifetime in Si nano-
wires, however, remains unclear.
In this work, we apply the optical pump-

terahertz (THz) probe spectroscopy to inves-
tigate the lifetime and transport properties of
photogenerated carriers in chemically etched
silicon nanowires. THz time-domain spectros-
copy, based on the generation and detection
of ultrafast electromagnetic transients, mea-
sures the frequency-dependent complex con-
ductivity in a broad spectral range up to a few
THz. With the addition of a pump optical
pulse, the method allows probing of the
ultrafast temporal evolution of transport
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ABSTRACT Silicon nanowire arrays fabri-

cated by metal-assisted wet chemical etching

have emerged as a promising architecture for

solar energy harvesting applications. Here we

investigate the dynamics and transport prop-

erties of photoexcited carriers in nanowires derived from an intrinsic silicon wafer using the

terahertz (THz) time-domain spectroscopy. Both the dynamics and the pump fluence

dependence of the photoinduced complex conductivity spectra up to several THz were

measured. The photoinduced conductivity spectra follow a Lorentz dependence, arising from

surface plasmon resonances in nanowires. The carrier lifetime was observed to approach

0.7 ns, which is limited primarily by surface trapping. The intrinsic carrier mobility was found

to be∼1000 cm2/(V 3 s). Compared to other silicon nanostructures, these relative high values

observed for both the carrier lifetime and mobility are the consequences of high crystallinity

and surface quality of the nanowires fabricated by the metal-assisted wet chemical etching

method.
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parameters with a picosecond to subpicosecond time
resolution. The technique has been applied to the
study of a variety of bulk and nanomaterials19 includ-
ing silicon nanocrystals,20 CdSe nanocrystals,21 TiO2

nanotubes,22 GaAs,23 andGe nanowires.24 Our findings
show that, in contrast to other Si nanostructures,20,25

the photoinjected electrons in our chemically etched Si
nanowires possess a relatively long lifetime of 0.7 ns
and mobilities exceeding 1000 cm2/(V 3 s). The long
carrier lifetime and high mobility are consequences
of high-quality crystallinity and surface properties of
our samples.

RESULTS AND DISCUSSION

Silicon nanowire arrays were prepared on intrinsic
(100) silicon wafers (Cemat Silicon S.A.; g20000 Ωcm)
via aAg-assisted electroless chemical etchingmethod.13

Figure 1a shows the scanning electron microscopy
(SEM) image of the as-grown silicon nanowire arrays,
and Figure 1b is the transmission electron microscopy
(TEM) image of a typical single nanowire. The wires are
about 200�350 nm in diameter and several tens of
micrometers in length. The high-resolution transmission
electronmicroscopy (HRTEM) image (Figure 1c) and the
selected area electron diffraction pattern (Figure 1d)
clearly demonstrate that nanowires fabricated by chem-
ical etching maintain the high-quality single-crystalline
structure of the original silicon wafer.
For optical measurements, Si nanowires were trans-

ferred from the Si wafer to a quartz substrate, which is
transparent in the THz regime. The nanowires were
randomly distributed with an average areal density of
about 0.15 nanowires per μm2, corresponding to an
areal filling fraction of 3( 1%. The intrinsic silicon (100)
wafer was also measured for comparison. A typical
optical pump/THz probe setup based on a Ti:sapphire
amplifier centered at 800 nm with a repetition rate
of 1 kHz and a pulse duration of 50 fs was employed.19

In brief, THz electromagnetic transients were gener-
ated and detected through optical rectification and
electro-optic sampling, respectively, in ZnTe crystals.
Time-synchronized optical pulses at 800 nm were
used as the pump for both the bulk Si and Si nanowire
samples.
Figure 2a illustrates the electric-field waveform of

the THz electromagnetic transient E(t) transmitted
through unexcited Si nanowires (solid line). Upon
photoexcitation by the optical pump at 1.55 eV, a
change in the transmitted THz waveform ΔE(t) is
observed (dashed line). This example corresponds to
a pump�probe delay time τ = 5 ps and pump fluence
of 64 μJ/cm2. For all of the measurements, ΔE(t) is
about 1�2% of E(t) in magnitude and carries an
opposite sign, corresponding to photoinduced absorp-
tion. As we discuss below, absorption of the pump
photons leads to interband transitions in Si nanowires,
and the density of photoexcited charge carriers at a
given pump�probe delay time τ can be determined
from a detailed Fourier analysis of the measured wave-
forms. The magnitude of the photoinduced change in
the THz waveform at a fixed instance of time, for
example, its peak t0, ΔE(t0), however, can be used to
monitor the photoexcited carrier density approxi-
mately due to the slow variation of the spectral de-
pendence of the photoinduced response.

Figure 1. (a) SEM, (b) TEM, (c) high-resolution TEM images
with (d) selected area electron diffraction pattern of silicon
nanowires. Figure 2. (a) Electric-field waveform of the THz radiation

transmitted through unexcited samples E(t) (black solid
curve) and its photoinduced change ΔE(t) (blue dashed
curve). (b) Pump-induced change in the peak (t0) of the
transmitted THz waveform, ΔE(t0,τ), for different pump�
probe delay times τ, for Si nanowires (brown square), and
the original Si wafer (blue circle). Solid curve is an expo-
nential fit. Zero delay time is defined as the overlap of the
pump optical pulse and the peak of the THz pulse trans-
mitted through the sample. Note the carrier lifetime in bulk
Si is known to be approximately microseconds. The reduc-
tion of the signal here arises from a minor imperfection of
the overlap of the pump and probe beam at long delay
times. The measurements on Si nanowires have been
corrected based on the bulk result.
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In Figure 2b, we show the magnitude of ΔE(t0;τ) as a
function of the pump�probe delay time τ (brown
squares). The photoexcited carriers are seen to be pres-
ent even ∼0.7 ns after photoexcitation. The decay
dynamics agrees well with an exponential function with
a time constant of∼0.7 ns (solid line). The carrier lifetime
varies with pump fluence, but not significantly. As a
comparison, we also include in Figure 2b our result on
bulk Si obtained using the same procedure. In this case,
the photoinduced THz response remains mostly un-
changed within the experimental time window. This
result is consistent with the known long carrier lifetime
(∼μs) in pure Si single crystals due to the indirect gap
nature of the material. Since the nanowires, fabricated
from the bulk single crystal by chemical etching, retain
the excellent bulk crystallinity, the substantially shortened
carrier lifetime in nanowires is ascribed primarily to carrier
trapping at the surfaces, which will be discussed in more
detail below. The observed carrier lifetime in our Si
nanowires, on the other hand, is several orders of magni-
tude longer than values reported in other Si nanostruc-
tures such as silicon nanocrystal films (∼10 ps)20 and
microcrystalline silicon (μc-Si:H) (with a fast decay of
∼0.7 ps).25 The long lifetime of photoexcited carriers in
our Si nanowires is advantageous for solar cell applica-
tions, andour result indicates thatmetal-assisted chemical
etching is a preferred fabricationmethod for Si nanowires.
We now turn to a quantitative study of the transport

properties of photoinduced charge carriers in Si nano-
wires by analyzing the spectral dependence of their
responses.We use the thin film approximation to extract
the photoinduced conductivityΔσ(ω) at frequencyω of
the samples from the Fourier transform of the THz
waveform transmitted through unexcited samples E(ω)
and of its change upon photoexcitation ΔE(ω):26

Δσ(ω) ¼ � ε0c(1þ nsub)
l

� ΔE(ω)
E(ω)

(1)

Here, ε0 is the permittivity of free space, c denotes the
speed of light in vacuum, l is the sample thickness, and
nsub = 1.96 is the refractive index of the quartz substrate
at the relevant THz frequencies. The thin film approx-
imation is valid for samples of thickness much less than
the THz wavelengths on transparent substrates as stu-
died in this work. We have also assumed that the pump
penetration depth far exceeds the film thickness, and
the samples are uniformly excited.
Figure 3a,e illustrate the real and imaginary part of

the complex conductivity spectrum extracted from the
waveforms of Figure 2a. The conductivity spectrum
cannot bedescribed by the simpleDrudemodel, which
has successfully described the response of free charge
carriers in bulk crystalline semiconductors including
silicon.27,28 The observed photoinduced conductivity is
instead characteristic of a broad resonance: a peak in
the real part of the conductivity, accompanied by a
zero crossing in the imaginary part. We find that the

spectrum can be described satisfactorily by the Lorentz
model (solid lines)19

δ(ω) ¼ σsh

1 � iωτD 1 �ω2
0

ω2

 ! (2)

where ω0 and 1/τD are the energy and width of the
resonance, and σsh is the sheet conductivity at the peak
of the resonance.

Figure 3. Pump fluence dependence of the THz photocon-
ductivity at a fixed pump�probe delay τ = 5 ps. The real
(a�d) and imaginary parts (e�h) of the photoinduced
conductivity: (a) 2 μJ cm�2, (b) 16 μJ cm�2, (c) 30 μJ cm�2,
(d) 64 μJ cm�2. Symbols are experimental data, and solid
lines are fits to the Lorentz model, as described in the text.

Figure 4. Dynamics of the photoinduced conductivity in Si
nanowires for a fixed pump fluence of 64 μJ cm�2. The real
(a�d) and imaginary parts (e�h) of the photoinduced
conductivity. Symbols are experimental data, and solid
curves are fits to the Lorentz model.
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Similar measurements were performed for various
pump fluences F and pump�probe delay times τ.
Several representative photoinduced conductivity
spectra are shown in Figure 3a�h for fluences ranging
from 2 to 64 μJ cm�2 at a fixed delay of 5 ps and in
Figure 4a�h for delay times ranging from5ps to 1 ns at
a fixed pump fluence of 64 μJ cm�2. We chose to probe
carrier dynamics >5 ps after the photoexcitation to
avoid the hot carrier effects. For all of the measurements,
good agreement was obtained between the experimen-
tal spectra and the Lorentzmodel (solid lines) of eq 2. We
summarize in Figure 5a,b the fitting parameters ω0

2 and
σsh/ε0τD asa functionof thepumpfluenceanddelay time,
respectively. Bothω0

2 andσsh/ε0τD increase approximately
linearlywith the pumpfluence. These quantities decrease
with increasing delay time, and the dependence can be
described by an exponential function with a time con-
stant of 710 and 680 ps, respectively. The time constants
are comparable to the rough estimate obtained above by
following the dynamics of the pump-induced change at
the peak of the THz waveform.
What is the physical origin of the Lorentz resonances

in the THz conductivity observed in photoexcited Si
nanowires? Themeasured conductivity corresponds to
the photoconductivity of the nanowire�air compo-
sites. To describe the linear response of the nanowire�
air composite films with dilute, randomly distributed
nanowires as in our case, an effective medium theory
(EMT) such as theMaxwell�Garnett approximation29,30 is
often employed. It has been shown that for spherical
particles with a Drude response and of diameters much
smaller than the probe wavelengths the Maxwell�
Garnett EMT leads to Lorentz resonances corresponding
to surface plasmons.31,32 The surface plasmonmodel has
also been used to describe photoconductivity in nano-
wires and nanoparticles in refs 19, 33, and 34. Within this
model, the parameters of eq 2 can be related to the
density N and effective mass me* of the free electron:
σsh/ε0τD = (Ne2)/(ε0me*)l and the surface plasmon reso-
nance frequency ωo

2 = (fNe2)/(ε¥ε0me*). Here me* =
0.26m0 denotes the electron effective mass, ε¥ is the
high-frequency dielectric response of Si, and f is a
geometrical factor. In our case of long cylindrical nano-
wires lying on the substrate, f = 1/2 and 0 when the THz
electromagnetic transient under normal incidence is
polarized, respectively, perpendicular and parallel to the
nanowire axis. Our observation of linear dependence of

σsh/ε0τD and ωo
2 on pump fluence is consistent with the

model, and either quantity can be used to characterize
the photoinduced carrier density. The photoinduced
carrier density is extracted to be on the order of
1017 cm�3, consistent with the estimate based on the
absorbance of bulk Si. Our measurements also reveal the

Figure 5. Parameters of the Lorentzmodel of eq 2 extracted from fits to the experimental THz conductivity spectra (symbols).
Dependenceon thepumpfluence at afixedpump�probedelay τ=5ps (a,c) anddependence on thepump�probedelay time
for a fixed pump fluence 64 μJ/cm2 (b,d). Red line of (b) is an exponential dependence fit.

Figure 6. (a) Ids�Vds characteristics of a single Si nanowire-
based FET fabricated from an intrinsic Si wafer at gate
voltage Vg varying from �20 to 30 V in steps of 10 V. (b)
The SEM image of the device. (c) The transconductance
curve of the nanowire.
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carrier scattering time τD, a key transport parameter, for Si
nanowires. Its dependence on the pump fluence and
pump�probe delay time is illustrated in Figure 5c,d,
respectively. The corresponding electron mobility can
be estimatedwithin theDrude framework,μ= eτD/me*.

27

When the system is close toequilibrium (under lowpump
fluences and at long delay times), the extracted electron
scattering time (0.15 ps) and mobility (1000 cm2/(V 3 s))
generally agree with that reported for bulk single-crystal
Si.24 The scattering time or mobility decreases at high
pump fluences and at short delay times. A similar trend
has also been observed in GaAs nanowires.23 We note
that both electron�electron and electron�phonon inter-
actionswould lead to a similar trendon the pumpfluence
and delay time. For the relatively low excitation densities
as in our case, electron�electron scattering is negligible.
To further understand carrier scattering in Si nano-

wires, we performed transport studies on single-
nanowire-based back-gated field-effect transistors in
air at room temperature. A p-doped Si substrate is used
as a global back gate. Figure 6 shows the output
characteristics of a typical Si nanowire FET at various
back-gate voltages (Vg), and Figure 6c shows the
gate sweep characteristic at drain�source voltage
Vds = 1.5 V. It is characteristic of a p-type channel,
common for Si NWs. The devices showed nearly linear
gate dependence above the threshold. We used the
transconductance in this linear region, gm = dI/dVg, to
determine the mobility, μ, using the relation gm =
μCVds/L

2. Here, the channel length L = 1.2 μm and
the capacitance C = 1.51 � 10�16 F. The electron
mobility μ is determined to be 0.25 cm2/(V 3 s). Using
the measured mobility and resistivity, the carrier con-
centrations were evaluated with the Drude model to be
about 1017 cm�3, consistent with those reported by Jie
et al.,35 Luo et al.,36 and Yuan et al.17 Surfaces of our
chemically etchedSiNWs are known to beH-terminated
after brief immersion inHFduring theprocess. However,
the hydrogen-terminated silicon surfaces are unstable

and oxidize gradually upon exposure to ambient
conditions. The H2O and CO2 in air adsorb on the silicon
surfaces and are responsible for trapping electrons and
renderingNWsp-doped.Anaccumulation layer is formed
at the surface of Si nanowires as a result of surface band
bending,16,17 similar to that at diamond surfaces.37 The
drastic difference in the carrier mobility obtained from
the THz and the dc transport measurement can be
understood considering the nature of the two distinct
measurements. In unexcited NWs, hole transport in the
dc FET measurement is dominated by the surfaces and
limited by surface defects. On the other hand, THz
transport of photoexcited charge carriers (primarily of
electrons due to their higher mobilities) is dominated by
the inner region of the NWs.

CONCLUSIONS

In summary, we have studied the dynamics of photo-
excited electrons in Si nanowires fabricated by chemical
etching using the optical pump/THz probe spectrosco-
py. We have observed that the photoconductivity spec-
trum of Si nanowires is compatible with the surface
plasmon model. By comparing to the surface plasmon
model, we have obtained the electron density and
scattering time in Si nanowires. We have found that
the lifetime of photoexcited electrons is on the order of
nanoseconds, and the carrier mobility in silicon nano-
wires is of similar magnitude as that in bulk silicon
wafers. The diffusion length of electrons in nanowires
at room temperature can be estimated from the diffu-
sivity coefficient D = μkBT/e and the carrier lifetime of t to
be (Dt)1/2∼ 1.3 μm. These properties are consequences
of high crystallinity of the silicon nanowire arrays fabri-
cated by metal-assisted wet chemical etching which
involves no catalyst contamination. Combined with
their excellent light-harvesting capabilities and the
possibility of further surface modification to reduce
surface defects,1,18 these silicon nanowire arrays open
new possibilities for PV applications.

EXPERIMENTAL SECTION
Synthesis of Si Nanowire Arrays. The precleaned Si wafers were

immersed into a buffered oxide etchant for 2min to remove the
native oxide layer and then immediately transferred into a Ag
deposition solution containing 4.8 M HF and 0.005 M AgNO3 for
1 min at room temperature. The color of the Si surface changed
from dark to colorful, indicating the formation of silver nano-
particles on the surface of silicon. The Ag-deposited silicon
wafers were sufficiently rinsed with deionized water to remove
extra silver ions and then immediately soaked into an etchant
bath composed of 4.8 M HF and 0.3 M H2O2. The etching time
was 1 h. Then the nanowire array was immersed in 15% HNO3

solution for 1 min, washed by distilled water, followed by
immersing in 2% HF for 3 min to etch the SiOx layer. This
process was repeated three times to remove metal contamina-
tion on the surface.

Optical Pump/THz Probe Spectroscopy. A regenerative amplified
Ti:sapphire laser system (Spectra Physics) producing 50 fs pulses

centered at 800 nm (1.55 eV) and at 1 kHz repetition rate was
used as the light source. Its outputwas split into three parts. One
was used to induce conduction electrons in Si nanowires (with
band gap of Eg = 1.12 eV), the other two to generate and detect
THz electromagnetic transient through optical rectification and
electro-optic sampling in two 1 mm thick ZnTe crystals, respec-
tively. A combination of a lock-in amplifier and an optical
chopper was employed for THz detection. For the detection
of the transmitted THz pulse through an unexcited sample, the
beam that generates the THz radiation was modulated, and for
the detection of the pump-induced change in the THz radiation,
the optical pump beam was modulated.

Measurement of Si Nanowire Field-Effect Transistor (FET). To inves-
tigate the electronic properties of the resulting nanowires etched
from intrinsic silicon, we carried out electrical transport studies on
individual nanowires using a simple back-gated FET device con-
figurationona silicon substrate. Theunderlying siliconwas used as
the back gate. To fabricate the device, silicon nanowires were
deposited onto a SiO2(300 nm)/Si substrate. Photolithography

A
RTIC

LE



TANG ET AL. VOL. 6 ’ NO. 9 ’ 7814–7819 ’ 2012

www.acsnano.org

7819

followed by metal evaporation was used to define source and
drain electrodes (Figure 6b). Electrical characterizations were
carried out in ambient conditions at room temperature.
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