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Abstract—The surface-trap mediated carrier recombination is a
crucial feature in characterizing the optoelectronic properties of
nanowires (NWs). Due to the one-dimensional characteristics, the
photoexcited carriers experiences multiple carrier interactions in
the transverse direction such that strong carrier-carrier interac-
tions are expected to play an important role in the NW carrier
recombination. Here, using ultrafast optical-pump and terahertz-
probe spectroscopy, we show that the Auger scattering significantly
reduces the trap-mediated decay process. Systematic studies on
bulk Si, bundled, individual, and encapsulated (reduced surface-
trap density) SiNWs reveal that the effect of Auger recombination
exhibits strong pump-fluence dependence depending on the sur-
face-treatment condition.

Index Terms—Silicon nanowires, terahertz (THz), ultrafast
spectroscopy.

I. INTRODUCTION

S ILICON NANOWIRES (SiNWs) have emerged as attrac-
tive nanoscale materials for developing Si-based optoelec-

tronic devices [1]–[4]. Photoexcited carrier dynamics [5]–[7],
which limits the performance of Si-based photonic devices [8],
[9], is of central importance for NW characterization. In partic-
ular, when the SiNWs are transferred onto a target substrate for
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device applications, there arises several issues: dependence of
the carrier lifetime on the directionality (longitudinal or trans-
verse direction to the NW long axis) [10], the NW–NW inter-
connection (bundled NW) effect [11], and the inherent surface
traps due to the large surface-to-volume ratio [12]. Although
various electrical and optical investigations were performed to
resolve those effects [13]–[17], the reported carrier lifetime so
far is widely ascribed to the longitudinal NW direction, and the
lifetime along the transverse direction is barely understood. Fur-
thermore, efforts to reduce the carrier-trap centers via surface
encapsulation [18] lead to the enhanced carrier–carrier interac-
tion (multi-particle Auger scattering) under high optical pump
injection. Thus, investigation of the carrier lifetime along the
transverse direction is equally important because it may reveal
a new relaxation pathway of the photoexcited carriers, offering
an alternative route toward ultrafast optoelectronic operation.
Prior ultrafast optical studies on the transverse carrier dy-

namics [11] have focused on the eV-scale, high-energy optical
transition dynamics. We note that this optical-pump optical-
probe spectroscopy inherently accompanies the photo-induced
absorption from the trapped carriers [3], [13], [15]. In order to
rule out this effect, we have employed time-resolved low-en-
ergy terahertz (THz) spectroscopy. One advantage of the THz
spectroscopy is that the carrier excitation from trap levels can be
excluded because the surface-trap states are typically located far
above the THz-probe photon energy ( meV). Com-
bined with ultrashort optical excitation, the optical-pump and
THz-probe spectroscopy enables to investigate the low-energy
intrinsic electronic relaxation. In this letter, we aim at inves-
tigating the characteristic role of trap-mediated recombination
depending on the surface condition and the associated Auger ki-
netics in carrier dynamics along the transverse NW direction.
For systematic investigation, we performed a series of experi-

ments on three different sets of SiNW samples: bundled SiNWs,
individual bare SiNWs, and surface-encapsulated SiNWs. Our
measurements reveal that the recombination rate decreases with
increasing pump fluence for the bundled NWs, while the
corresponding rate for the individual bare SiNWs displays an
-independent feature. This suggests that the effect of surface-

trap on the carrier-relaxation decay is different between the two
NWs. When the trap-density is reduced (encapsulated NWs),
we clearly observe a fast Auger-recombination dynamics whose
threshold , i.e., the crossover from the slow to the fast re-
laxation, is significantly lower than the case of the bare NWs.
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Fig. 1. (a) Schematic of SiNW fabrication employing metal-assisted chemical
etching (MACE) combined with Nanosphere Litography. (b) SEM top-view
image of SiNWs. (c) Cross-sectional image of SiNWs.

Analysis based on a simple, two-level rate equation shows that
there is a strong correlation between the trap density and the
photoexcited carriers.

II. SINW SYNTHESIS
SiNWs are synthesized using a metal-assisted chemical

etching (MACE) method combined with nanosphere lithog-
raphy. The detailed information is described elsewhere [19],
[20]. In brief, the surface of p-type (100) oriented Si substrate
is pre-cleaned with acetone, isopropanol, and de-ionized water,
and then immediately dipped into 10% sodium dodecyl sulfate
(SDS) solution for 24 hours. On the Si substrate, 10 wt% of
polystyrene (PS) nanosphere solution (diameter of 1 m) is
dropped, which is subsequently immersed into water with
an addition of the 3 L SDS solution. Here, a close-packed
monolayer of PS nanospheres is formed on the top of the water
surface, which is immediately lifted up by the Si substrate.
After completely dried under ambient condition, the size of
PS nanosphere on Si substrate is reduced by oxygen plasma
etching (100 W, 2 sccm, 1 hour), followed by the deposition
of 50-nm-thick Au layer. The Si substrate with Au film is
immersed into an etching solution consisting of 49% HF, 30%
H O and ethanol (5:1:1 (v/v/v) HF: H O : ethanol) for 2
hours at room temperature. After completing the whole process,
remaining Au film is removed by aqua regia. The surface
encapsulation is synthesized by thermal oxidation of SiNW
surface in a furnace at 1000 C for 4 min to form 5-nm-thick
SiO layer [21], [22]. Fig. 1(a) schematically illustrates the
fabrication process of vertically aligned SiNWs, using metal-as-
sisted chemical etching method combined with the bottom-up
nanosphere lithography. Fig. 1(b) and (c) show the typical top
and side view of the synthesized SiNWs, respectively. The
as-grown SiNWs are first transferred to the PDMS stamp. At
this stage, because there are multiple layers of SiNWs (SiNWs
are stacked on top of each other), we used another rigid PDMS
stamp to detach the layers of SiNWs until we obtain only one
layer of SiNWs sheet. Finally, the obtained one layer of SiNWs
is transferred onto a tape substrate, in which we did not observe
any significant changes in its vertical alignment for all bundled,
individual, and encapsulated SiNWs. Image analysis using
optical microscopy revealed that the areal density for bundled,
individual, and encapsulated SiNWs is 30%, 3%, and 3%,

respectively. The transferred SiNWs are aligned to the sub-
strate over a broad area with uniform axial lengths ( 60 m)
and diameter ( 500 nm). The well-aligned SiNWs and good
transparent characteristics of the tape substrate (cellophane) in
THz region enable to measure the transverse carrier dynamics
of SiNWs.

III. TRANSIENT TERAHERTZ DYNAMICS

Fig. 2(a) shows the schematic of our experiment. All mea-
surements are performed at room temperature in an ambient
condition. Our ultrafast THz spectroscopy is based on Ti:sap-
phire regenerative amplifier (Coherent RegA 9050) operating
at 250 kHz repetition rate that generates 50 fs pulses at 1.55
eV center photon energy. Part of the pulses is used to excite
the sample, in which the pump polarization is 45 deg to the
NW axis due to the following reason. When the wavelength
of pump excitation (800 nm) is comparable to the NW diam-
eter, the pump excited carrier density becomes polarization de-
pendent. This can be understood as following. The absorption
cross-section of the NW can be calculated by considering the
angle between the polarization of optical-pump beam and the
longitudinal axis of the NW [11], [23]. Due to the dielectric
mismatch between NWs and the surrounding medium, the elec-
tric field inside the NW along the transverse direction is given
by , where is the dielectric
constant of the surrounding medium, is the dielectric con-
stant of the NW, and is the incident electric field polar-
ized along the transverse direction of the NW. When the elec-
tric field is polarized parallel to the long axis of NW, the electric
field inside the NW is simply given by , where
is the longitudinal component of the electric field. Given that

and at 1.55 eV is about 13.6 in our experiment
[24], is about 14% of . Thus, the polarization of pump
beam will change the initial density of photoexcited carriers. To
circumvent the above polarization dependence, we set the pump
polarization to 45 with respect to the longitudinal axis of the
NW. In this case, one can consider the angle-averaged absorp-
tion cross-section of the NW [25], [26]

(1)

where is the angular frequency of the pump, is the refrac-
tive index of surrounding medium, is the local field factor,
( nm) and ( m) are the radius and length of the
SiNW, and and are the real and imag-
inary parts of the bulk Si refractive index at the 800 nm wave-
length. The local field factor is related to the electric field inside
NW and it is given by

(2)

where is the angle between pump polarization and the
long axis of NW. From the (1) and (2), the at 1.55 eV
is estimated to be cm . The absorption
cross-section is used later to calculate the photoexcited carrier
density.
The excitation is controlled by a combination of half-wave

plate and polarizer, delivering maximum up to 700 J/cm .
Another part of the amplifier output is used to generate and
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Fig. 2. (a) Schematic of optical-pump terahertz-probe spectroscopy. (b) Reference THz field (gray line) and pump-induced THz-field change at
ps. (c) transients as a function of . Insets: Left figure depicts the Si bandstructure for photoinduced carrier excitation and trap-mediated

decay. Right figures show the optical microscope images of the bundled SiNWs (red line) and the individual bare SiNWs (blue line).

detect the 0.5–3 THz probe pulses by optical rectification and
electro-optic sampling in 0.5 mm thick, 110 ZnTe crys-
tals, respectively. To control the THz probe polarization, the
NW axis is rotated with respect to the -polarized THz pulses.
Typical field-resolved THz traces with J/cm at
a pump-probe delay ps is shown in Fig. 2(b). For
the pump-probe THz dynamics, we set the THz-field delay
(electro-optic sampling delay) at the peak of the and scan
the pump-probe delay . Non-zero signal changes with oppo-
site signs between the pump-induced THz field and the
reference THz field indicate the transient absorption dy-
namics of the photoexcited carriers.
To compare the carrier dynamics between the bulk-like and

NWs, we first discuss measurements on a set of experiments on
bulk Si thin film (500-nm thick) and SiNWs. Fig. 2(c) shows

dynamics as a function of for bulk Si, bundled
SiNWs, and individual bare SiNWs with J/cm . As
depicted in the inset of Fig. 2(c), the interband photoexcited
carriers are relaxed by phonon coupling due to the indirect
bandstructure of Si. Because the measured photoinduced

is directly proportional to the carrier density, the
decay dynamics at field delay ps represents the recombi-
nation kinetics of the excited carriers. While the carrier lifetime
in bulk Si thin film is on the order of microsecond ( s), the
decay dynamics for the bundled and the individual SiNWs are
significantly faster than that of the bulk Si. This is because the
excited carriers in SiNWs (both bundled and individual) are
rapidly recombined via defect trapping [11], [12], [15], [27],
[28]. Although this rapid carrier relaxation occurs due to the
high density of trap states, the signal for individual SiNWs
decreases more quickly than that of the bundled NWs.

IV. SURFACE TRAP SATURATION AND AUGER RECOMBINATION

To gain more insight into the role of defects on the decay dy-
namics, we present the -dependent data for the bun-
dled SiNWs in Fig. 3(a) and those for the individual SiNWs in

Fig. 3(b), respectively.We noticed that both a single exponential
fit and the rate-equation fit (to be discussed in Section V)well re-
produce the two SiNWs. So, we only show the rate-equation fit
lines in Fig. 3(a) and (b), and the extracted lifetime using the ex-
ponential fits are shown in Fig. 3(c). The insets of Fig. 3(a) and
(b) show the normalized dynamics for J/cm , re-
spectively. With increasing , the decay for the bundled SiNWs
(interconnected NWs in a single layer of SiNW sheet) clearly
becomes slower, as shown in the inset of Fig. 3(a) and in the
Fig. 3(c) extracted from the single exponential fit. From the
simplest point of view, the dynamics arise from the
decreased carrier density of the photoexcited carriers. When
the surface-traps are saturated via high pump excitation, the
available trap density for the carriers to be captured is reduced;
the relaxation kinetics follow a bulk-like indirect recombina-
tion, which results in slower relaxation with increasing [18],
[28]. This is the origin of the -dependent relaxation for the
bundled SiNWs.
For the individual SiNWs, see Fig. 3(b), while on the other

hand, the decay shows nearly -independent feature. The nor-
malized dynamics in the inset of Fig. 3(b) seemingly shows that
there are no variations of decay times with . Because the trans-
verse length is significantly smaller than the THz probe, it is ex-
pected that there must exist a new decay channel other than the
surface trap-mediated recombination. One distinct point of the
transverse dynamics for the individual NWs, apart from the lon-
gitudinal as well as from the bundled NWs dynamics, is that the
excited carriers can be scattered off more easily from the NW
surface [29].While the high probability of carrier backscattering
can be understood as the non-Drude conductivity spectrum [2],
[30], [31], the electron and hole correlations within transverse
region lead tomulti-particle Auger scattering, bywhich the elec-
tron and hole are recombined nonradiatively. Consequently, the
surface trap-mediated recombination is counterbalanced by this
Auger scattering, revealing suppressed decay time constant in
the individual SiNWs.



608 IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY, VOL. 5, NO. 4, JULY 2015

Fig. 3. F-dependent decay for the bundled (a) and for the individual SiNWs (b) are shown. Each inset in (a) and (b) is the normalized when
is 50 and 700 J/cm . The solid lines are the rate-equation fit as discussed in Section V. (c) Extracted time constants for the bundled SiNWs (blue circles), the

individual bare (red circles), and the encapsulated SiNWs (purple circles for and green circles for ). The lifetimes are extracted from the single-exponential
fit (bundled and individual SiNWs) and from the bi-exponential fit (encapsulated SiNWs).

Fig. 3(c) summarizes this characteristic -dependent decay
time constant for the bundled, the individual, and the encapsu-
lated SiNWs; for the encapsulated SiNWs, detailed discussions
are provided in Section V. For the bundled SiNWs, the slow
decay appears when is larger than 100 J/cm .While the trap
saturation leads to a slower relaxation for the bundled SiNWs,
we emphasize that the same feature does not appear for the in-
dividual SiNWs. Rather, is saturated at J/cm ,
suggesting that the Auger scattering in individual SiNWs re-
duces with increasing . This implies that the -dependent
Auger scattering counterbalances the slow carrier relaxation for
the individual SiNWs, such that the effective exhibits a nearly
-independent feature [32]. There might be a possibility of con-

tributing a long-standing free-carrier lifetime of bulk Si ( 1 s)
to the measured transient response of the SiNWs. If the
lifetime is long enough compared to the pulse-to-pulse 250 kHz
repetition rate of our laser system, the photoinduced THz re-
sponse would continuously add up, eventually no re-
sponse will be observed. Prior optical pump-probe measure-
ments on the 160–210 nm SiNWs, however, have shown that
the photoexcited free carriers experience rapid diffusion of elec-
trons and holes, leading to a fast surface recombination with
10 cm/s velocity [13].

For more quantitative analysis, we have calculated the diffu-
sion length from the measured decay constant. In our individual
SiNWs, given the longest free-carrier lifetime of 300 ps and the
diffusion constant of 24 cm /s, we obtained the diffusion length
of 0.85 m and the surface recombination velocity of 0.4 10
cm/s, which is comparable to the previous investigations [11].
This suggests that the excited carriers are scattered off the sur-
face at least once (on average) before they are recombined. For
the possible contribution from the long lifetime of trap states,
Gabriel et al. explicitly measured the trap state lifetime using
the near-field pump-probe microscopy [13], and showed that
the lifetime is about a few ns. So, we can conclude that neither
the bulk-like long relaxation time nor the nanosecond trap life-
time does not add onto our responses. For the bundled
SiNWs, due to the high NW-to-NW interconnection, the Auger
recombination plays a minor role, and the excited carriers dif-
fuse toward adjacent NWs which prevents the carrier–carrier
scattering event.
As to be discussed in Section V, the decay dynamics for the

encapsulated SiNWs, shown in Fig. 3(c), display a faster relax-
ation component with increasing , as evident from the bi-ex-
ponential fit; a single-exponential fit does not reproduce the fast
relaxation component.
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Fig. 4. (a) Transient decay for the encapsulated SiNWs with solid lines obtained from the rate-equation fits. Inset shows peak of encap-
sulated SiNWs as a function of . Dashed fit line is obtained from numerical function proportional to . For the individual SiNWs, it increases linearly as
indicated by solid line. (b) -dependent ratio between the initial unoccupied trap states and the initial photoexcited carrier density is shown for the bare
individual SiNWs and for the encapsulated SiNWs. Inset: Normalized decay for the individual SiNWs and for the encapsulated SiNWs are shown when

is 50 J/cm . Solid lines are from the rate-equation fits.

V. ENHANCED AUGER RECOMBINATION RATE IN
ENCAPSULATED SINWS

To clarify the effect of Auger scattering, we have reduced
the surface-defect density by encapsulating the bare SiNWs by
SiO . Since the majority of NW traps exist at the surface of NW
[14], we expect that the trap-mediated decay is significantly sup-
pressed when the NW surface is encapsulated. Fig. 4(a) shows
the decay dynamics of the surface-encapsulated SiNWs with in-
creasing the pump . The carrier lifetime at J/cm of
the encapsulated SiNWs is around 1.1 ns, which is indeed much
longer than that of the individual SiNWs. Reduction of the trap
density leads the diffusion length to be increased to approx-
imately 1.6 m. Intuitively, it means that carriers are scattered
off the NW surface at least three times before recombination in
a 500 nm diameter SiNW.
While the dynamics at J/cm represents a simple

exponential decay, a noticeable transformation is the sharp in-
crease of the decay rate at J/cm . The Auger recom-
bination is evidenced via the fast initial decay with increasing .
While the initial relaxation at ps is faster than that of
the trap-mediated recombination in the bundled SiNWs, a much
slower decay component is observed at ps. Inset of
Fig. 4(a), which is the peaks of with increasing ,
shows that the peak is proportional to the third order
of for the encaptulated SiNWs, but it increases linearly for the
individual SiNWs. Since we used the pump pulse energy of 1.55
eV which is higher than Si indirect bandgap ( eV), the ex-
cess energy of conduction band carriers in SiNWs are thermal-
ized through electron-electron scattering (thermalization time
of 120 fs) or electron-phonon scattering (thermalization time
of 1 ps) [33]. The initial fast carrier-carrier scattering process
beyond THz probe time resolution ( ps) leads to nonradia-
tive carrier recombination, suppressing the increase
at high . For the encapsulated SiNWs, because the available

trap density is significantly reduced, the rapidly increased decay
rates at early imply that a new carrier recombination channel
is opened. From the observed third-order dependence, we at-
tributes the new relaxation channel to the multi-particle Auger-
type scattering. This -dependent behavior is indeed quite dif-
ferent from the individual SiNWs, where the linear increasing
-dependent behavior in individual SiNWs primarily is due

to the trap-mediated recombination. Here, we note that it does
not mean that no Auger scattering is present in the individual
SiNWs. As discussed in the below rate-equation analysis, the ef-
fect of Auger is relatively weak in the individual SiNWs, such
that the trap-meduated recombination is dominant in the indi-
vidual SiNWs. These analyses confirm that the Auger recombi-
nation is dominant in the surface encapsulated SiNWs at early
pump-probe delay.
Now, an important issue is to compare the effect of Auger

recombination between the individual and the encapsulated
SiNWs, where the initial surface trap density is different. For
quantitative comparison, we have constructed a rate-equation
model that accounts for trap-mediated carrier recombination
and Auger recombination. Our model is essentially a coupled
rate-equation which consists of the density of excited charge
carriers and the density of unoccupied trap states [18]

(3)

(4)

(5)
(6)

Here, is the initially photogenerated carrier density.
We estimate /V, where is the absorp-

tion cross-section of SiNW at 1.55 eV pump-photon energy and
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TABLE I
FITTING PARAMETERS USED FOR THE RATE-EQUATION FITS

is the volume of the SiNW. Since no quantum confinement ef-
fect is expected in our SiNWs (the exciton Bohr radius is around
5 nm [34], [35], we have used a linear absorption cross-sec-
tion model which assumes the photoexcitation takes place far
from the band edge. In the expression, absorption cross-section

cm is given by the (1). Here the The
values of for the individual and encapsulated SiNWs are the
same with 0.77 10 cm , 1.54 10 cm , 4.62 10
cm , 7.7 10 cm , and 10.8 10 cm at the pump
fluence 50, 100, 300, 500 and 700 J/cm , respectively; these
values are the same because the areal NW density for the two
SiNWs is same with 3%. The trap density for the bundled
SiNWs is cm and for the individual SiNWs
is cm , whose values are obtained from the
rate-equation fit. The difference between the two can be ex-
plained by the fact that the bundled SiNWs are more connected
with each other, exhibiting small density of trap states. The first
term in the (3) describes the bulk indirect recombination with
a time constant s, which was extracted from the

decay of the bulk Si [Fig. 2(c)]. The second term in
the (3) is related to saturable trap mediated recombination. This
term depicts the carrier trapping to the available surface-traps
with a coupling constant . Such carrier trap reduces the free
trap density by an equal amount (as indicated in the (4)) with
the initial trap density being the total density of traps. The last
term in (3) represents the Auger-type scattering process, and this
term is incorporated to fit only the individual and the encapsu-
lated SiNWs because no Auger-type recombination involves in
the bundled SiNWs. The fitting parameters for the rate-equation
model are summarized in the Table I.
Given the same -excitation, the effect of trap density on

the individual and encapsulated SiNWs can be visualized if we
plot the relative ratio between the trap density and the pho-
toexcited carrier density . For this quantitative analysis, the
above rate-equation model was used to fit the all the
dynamics for the bundled (Fig. 3(a) without , individual
(Fig. 3(b) with , and encapsulated SiNWs (Fig. 4(a) with

). From the fitting results, we extracted the ratio be-
tween the trap density and the photoexcited carrier density

, as a function of which is shown in Fig. 4(b). Here in the
rate-equation analysis, we assumed that both the Auger recom-
bination and trap-mediated coupling are presented in the
individual and encapsulated SiNWs. For the individual SiNWs,
the ratio is large for the low , due to the large amount
of and that for the encapsulated SiNWs is very small. With
increasing , the ratio is decreased and the Auger re-
combination overwhelms the trap-mediated relaxation for the
encapsulated SiNWs. We note that although similar trend is ob-
served for the individual SiNWs, it does not mean that the Auger

effect is dominant. For example, when the ratio is below 2 (see
the gray area), i.e., the photoexcited carrier density is even half
of the trap density, one can see that the trap density is easily
saturated for the encapsulated SiNWs, so that the Auger recom-
bination is dominant. This effect is clearly pronounced for the
encapsulated SiNWs than for the individual SiNWs. Although
the Auger-induced initial fast decay is not clearly seen in the
time-resolved data (see, for example J/cm in the
Fig. 4(a) and in the inset of Fig. 4(b)), we note that this is not be-
cause the Auger scattering is ineffective, but because the Auger
dynamics does not fully counterbalance the surface-trapping dy-
namics. Inset of Fig. 4(b) shows that the extracted for the en-
capsulated SiNWs is approximately one fourth smaller than that
of the individual SiNWs. As expected, because the trap density
is significantly reduced for the encapsulated SiNWs, the decay
dynamics is much slower than that of the individual SiNWs. As
discussed in Fig. 3(c), there we corroborated that the Auger-type
recombination was seen only from the encapsulated SiNWs, in
which a successful fit can be obtained only when we use the
bi-exponential function. The fast relaxation component of bi-ex-
ponential fit indicates that the Auger scattering is evident with
decreasing the trap density.

VI. CONCLUSION
In conclusion, we have investigated the carrier recombina-

tion dynamics of SiNWs along the transverse direction. For the
systematic investigation, we have measured the THz carrier dy-
namics for the bundled SiNWs, individual bare SiNWs, and
surface-encapsulated SiNWs. With increasing , the decay dy-
namics for the bundled NWs becomes slower due to the pump-
induced trap saturation. The individual SiNWs exhibits -inde-
pendent decay rate because the Auger recombination effectively
reduces the saturation of trap states. When the defect density is
reduced, we have clearly observed the Auger dynamics from the
encapsulated SiNWswhich arise due to increased carrier-carrier
scattering event. For quantitative interpretation, we presented
the two-level rate equation model to compare trap density and
photoexcited carriers. Our studies on the ultrafast carrier relax-
ation pathways have made important contributions to the devel-
opment of novel NW-based optoelectronic devices.
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