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Abstract—We present the first ultrafast optical pump-probe
spectroscopic measurements, to the best of our knowledge, on sili-
con nanowires (SiNWs). In this study, we performed femtosecond
pump-probe measurements on vapor-liquid—solid-grown SiNWs
to investigate the influence of the NW diameter, pump and probe
polarizations, and pump fluence on the observed dynamics while
tuning the probe wavelength below and above the indirect bandgap
in Si. For smaller NW diameters, carriers were found to relax more
rapidly into both extended and localized states, indicating that
a surface-mediated mechanism governs the observed dynamics.
The magnitude of the photoinduced transmission change exhibited
strong polarization dependence, showing that optical transitions
in these quasi-1D systems are highly polarized along the NW axis.
Finally, density-dependent experiments revealed that the relax-
ation time decreases with increasing photoexcited carrier den-
sity for an above bandgap probe; however, no significant density-
dependent changes in the relaxation dynamics were observed when
probed below the bandgap. In short, our experiments reveal the
influence of diameter, polarization, and carrier density on carrier
dynamics in SiNWs, shedding light on the phenomena that gov-
ern carrier relaxation in these important nanosystems and giving
insight on their future use in nanophotonic applications.

Index Terms—Nanotechnology, optical spectroscopy, semicon-
ductor materials, silicon, ultrafast optics.

1. INTRODUCTION

EMICONDUCTOR nanowires (NW) have been the sub-
S ject of great interest in recent years, as their quasi-1D na-
ture gives rise to many unique properties while making them
particularly suitable for many applications. One of the most
promising of these applications is in nanophotonics, where they
can potentially serve multiple roles (e.g., transistors, light emit-
ters, and photodetectors) within photonic and electronic devices
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that are integrated on a single chip. Silicon NWs (SiNWs) are
particularly well suited for this purpose, as modern electronic
devices are typically based on silicon, and therefore, it would
be advantageous to explore a NW material that could easily be
integrated with these devices from a compatibility and manufac-
turing point of view. There has already been some initial success
in understanding growth, controlling dopant incorporation and
developing a process for large-scale direct assembly of SINWs
to prepatterned electrical contacts [1]. These advances open up
the possibility of incorporating SINWSs into mainstream semi-
conductor technology. In fact, SINWs have already been used
as active components in a wide variety of proof-of-principle
photonic and electronic devices, such as transistors [2] and pho-
todetectors [3]. In addition, efficient photoluminescence (PL)
has been observed in Si nanostructures, such as porous Si and
Si nanocrystals [4], [5], raising hopes that SINWs can over-
come the inefficient light emission from bulk Si that limits its
use in nanophotonics. This is further supported by the observa-
tion that the energy gap in SINWs was found to increase with
decreasing NW diameter (d) from I, = 1.1eV ford =7 nm to
E, = 3.5¢eV for d = 1.3 nm [6]. This interesting experimental
demonstration could lead to applications such as SiNW-based
light-emitting diodes and lasers, since the wide bandgap is pre-
dicted to be direct [6]. Hence, the recent progress in large-scale
production of uniform, thin, and clean SiNWs [7] enables an
in-depth investigation of their optical properties and will aid in
determining potential applications.

As in most NW systems, the most heavily studied optical
property of SiNWs is their PL, due to the relative ease of per-
forming PL experiments. However, several studies on SINWs
have found that defect states strongly contribute to the observed
PL spectra, leading to emission from visible to IR frequen-
cies [8]-[10]. These defects have been variously attributed to
oxygen impurities [11], [12], Au contamination from the cata-
lyst nanoparticles [13], and defects at the interface between the
Si core and the postgrowth native oxide layer [14]. The net re-
sult of these studies is to demonstrate that SINWs contain defect
states both above the conduction band edge as well as through-
out the bandgap; the latter can trap carriers from the band edge
before they can radiatively recombine, which would reduce the
efficiencies and raise the thresholds of potential SINW-based
LEDs and lasers.

Although considerable progress has been made in investi-
gating the source of luminescence and identifying defect states
in SiNWs, further progress in the area of SiNW-based optical
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device design will depend on an understanding of nonequilib-
rium carrier dynamics in these nanostructures on a femtosecond
(fs) timescale. This will lead to new insights into the influence
of the defect states on carrier dynamics in SINWS, in particu-
lar the competition between rapid carrier trapping and radiative
recombination. Although carrier relaxation in SINWs has been
recently investigated on the nanosecond timescale using time-
resolved PL (TRPL) spectroscopy [15], no in-depth study has
been done to date on how carrier relaxation occurs in SINWs
at shorter timescales, which could yield valuable information
on how defect states influence carrier relaxation immediately
after injection. In addition, one limitation of TRPL is that it can
only directly probe radiative transitions, which are proportional
to the product of electron and hole distributions (i.e., both an
electron and a hole must have the same momentum for radia-
tive recombination to occur with high probability). In contrast,
ultrafast pump—probe spectroscopy is sensitive to the sum of
electron and hole distributions at a given photon energy (i.e.,
only one species of carrier is enough to modify the absorption
of subsequent photons) and therefore has the potential to probe
both radiative and nonradiative transitions with fs time resolu-
tion, giving deeper insight into energy transfer processes that
occur on a subpicosecond timescale [16].

Here, we present the first fs optical spectroscopic measure-
ments on SiNWs to the best of our knowledge. In particular,
we examined the influence of changes in the NW diameter on
ultrafast carrier dynamics by measuring the time-resolved pho-
toinduced change in transmission (A7/T) of a probe laser pulse
tuned above and below the indirect bandgap in Si. As in our
previous observations on germanium NWs (GeNWs) [17], car-
riers were found to relax faster in thinner NWs, indicative of
a surface mediated mechanism. However, for the SINWs stud-
ied here, we observed a reversal of this trend for NWs with
d > 80 nm when probing above the bandgap. In addition, the
AT/T signal measured below the bandgap for d = 10 nm NWs
strikingly differed from the signals measured on larger NWs,
possibly due to quantum confinement effects. We also found
that the magnitude of the measured A7/T signals exhibit strong
polarization dependence, confirming that optical transitions and
carrier generation are highly polarized along the NW axis. Fi-
nally, we explored the dependence of relaxation rates on the
photoexcited carrier density, studies that are particularly rele-
vant to applications in NW lasing. These measurements show
a strong density dependence when probed above the bandgap,
with faster relaxation at higher pump fluences that may be due
to Auger processes. However, there was no significant change
in the relaxation dynamics when probing mid-gap defect states
as a function of pump fluence. Overall, these first ultrafast op-
tical experiments on SiNWs give insight on carrier relaxation
processes after fs photoexcitation, revealing dynamics similar
to that observed in other NW systems [16]-[19], [21] along with
physics that may be unique to SINWs.

II. EXPERIMENTAL DETAILS

The vapor-liquid—solid (VLS) technique was used to grow
SiNWs through chemical vapor deposition [1], [20] on Si(111)
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Fig. 1. (a) SEM images of VLS-grown 30-nm SiNWs. (b) TEM image of a
32-nm-diameter SINW showing (111) lattice fringes. Inset: a fast Fourier trans-
form of the TEM image, indicating the (111) growth orientation.

substrates, using different diameter Au colloids (10, 30, 50,
80, and 100 nm) with a SiH; (50% in Hy) gas precursor
at a temperature of 530 °C and a silane partial pressure of
1.5 Torr. Fig. 1(a) shows an SEM image of a typical dense array
of randomly positioned SiNWs. TEM analysis [see Fig. 1(b)]
showed that the NWs were single crystalline, as indicated by the
clean lattice fringes with a (111) growth orientation. We note
that for the SINW diameters investigated here with d > 10 nm,
bulk bandgap values are assumed, with Fr; = 3.4eV (365 nm),
E, = 1.12¢eV (1107 nm, the indirect band gap), Fx = 1.2eV
(1033 nm), and E;, = 2eV (620 nm) [22]. These structures
were then dry transferred onto a sapphire substrate for optical
measurements with an areal density of 5.5 x 10 NWs/cm?.
It is important to note that we acquired time-resolved data at
three to five locations on each sample and averaged the results
to minimize effects originating from the nonuniformity of the
NW ensemble across the sample surface, which caused the am-
plitude of the measured signals (but not the dynamics) to vary
substantially from spot to spot [21].
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Fig. 2. (a) UV-pump (266 nm), visible-probe (570 nm) measurements on

SiNWs of various diameters; (b) data from (a) during the first 50 ps. (¢) UV-pump
(266 nm), IR probe (1350 nm) measurements on SiNWs of various diameters;
(b) data from (c) during the first 50 ps. (e) Graph showing the variation of 7
with NW diameter at 570 and 1350 nm.

A 100-kHz regeneratively amplified laser producing 50 fs,
10 wJ pulses at 800 nm (1.55 eV) was used to pump a visi-
ble optical parametric amplifier (OPA), as well as to generate
266 nm (4.66 eV) pulses in a nonlinear optical crystal through
third harmonic generation. The signal wavelength from the OPA
was tuned to generate the probe pulses, with wavelengths of
570 nm (2.17 eV), 1045 nm (1.18 eV), and 1350 nm
(0.92 nm). The 570 and 1045 nm probes are absorbed through
indirect (phonon-assisted) transitions, while the 1350 nm probe
and high-energy pump photons are directly absorbed. All exper-
iments were performed at room temperature. Further details of
the pump—probe experiments have been given elsewhere [21].

III. DISCUSSION

A 266-nm ultraviolet (UV) pump pulse was used to excite
the SiNWs well above the bandgap, creating nonequilibrium
carriers in the valence and conduction bands with excess kinetic
energy. In Fig. 2, we present a diameter-dependent study of the
SiNWs at two probe wavelengths, 570 and 1350 nm, probing
above the L valley and below the X valley, respectively, to ob-

tain a relationship between carrier lifetimes and NW diameter.
The pump fluence in these experiments was 400 pJ /cm?, corre-
sponding to an approximate initial photoexcited carrier density
of N ~ 3.2 x 10'? cm~3. With the 570 nm probe, the general
trend in the signals seen in Fig. 2(a) for all diameters is an
initial decrease in the probe absorption through state filling, re-
sulting in a positive normalized pump-induced change in probe
transmission (AT/T), with typical amplitudes of ~ 5 x 1073
at t = 0. This is followed by a decrease in the probe trans-
mission, which crosses zero around ~5-25 ps and reaches a
minimum around ~25-75 ps, until the carriers return to equi-
librium around ~350—400 ps. Physically, after photoexcitation,
the photogenerated carriers rapidly relax to lower energy states
in the conduction band L and X valleys. In particular, the initial
rise in A7/T(570 nm) is due to the state filling-induced change
in the indirect absorption of the 570-nm probe photons into
the L valley. The initial decay in A7/T(570 nm) is then due to
relaxation of these carriers from the L valley to the X valley
and into mid-gap defect states. Carriers trapped in these defect
states can then reabsorb probe photons, leading to the negative
signal observed between ~5-350 ps; this signal disappears as
the photoexcited carriers leave these defect states and return to
equilibrium. It is worth mentioning that negative A7/T signals
in semiconductors and their nanostructures are often attributed
to free carrier absorption (FCA)'®. However, in our samples,
FCA is unlikely to play a significant role in the measured dy-
namics, as negative signals at 570 nm are only observed for ¢ >
5 ps. At this point, the majority of carriers have been trapped
into defect states, as supported by the positive signals observed
with the 1350 nm probe [see Fig. 2(c) and (d)].

It is clear from Fig. 2(b) that the initial relaxation dynamics
at 570 nm are strongly dependent on the NW diameter d; this is
shown more explicitly by plotting the time constant 7 for this
process, obtained from exponential curve fits to the measured
data, as shown in Fig. 2(e) as a function of d. For d = 10-50 nm,
T increases with d, indicating that surface-meditated trapping
and recombination processes strongly influence the observed
dynamics, as was observed in GeNWs with similar diameters
[17]. However, for d = 80-100 nm, 7 actually decreases with
increasing d, which is inconsistent with previously observed
trends in semiconductor NWs [16], [17], [23]. TEM images of
d = 80-100 nm NWs revealed patches on the surface along the
length of the wires, which may induce localized surface defects.
Carrier trapping at these defect states could thus explain the
decrease in 7 for these NW diameters. Another possibility is the
increased density of twinning defects observed in some of our
NW samples with larger diameters. However, further studies are
necessary to fully understand the decrease in 7 for d = 80 and
100 nm.

Fig. 2(c) and (d) depicts A7/T(1350 nm), which examines
carrier relaxation into and out of mid-gap defect states; it is
worth noting here that the observation of a signal using a mid-
gap probe in itself confirms the presence of defect states within
the forbidden bandgap of Si. We first focus on the AT/T signals
for d = 30-100 nm; the signal for d = 10 nm will be discussed
later in this section. The rise time of these signals is nearly iden-
tical to that at 570 nm (~700 fs), indicating that we are probing
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a transition from the defect states to the conduction band; i.e.,
when photoexcited carriers relax into the L and X valleys, they
block absorption of the 1350 nm probe photons from carriers
trapped in defect states, causing the positive AT/T signal. The
subsequent relaxation corresponds to carriers returning to equi-
librium, supported by the observation that both A7/T(570 nm)
and AT/T(1350 nm) return to zero around 350-400 ps; it is
worth noting that these carriers may relax into additional lower
energy defect states along the way, which can result in addi-
tional induced absorption processes as seen for the d = 30 nm
NWs in Fig. 2(c). Here, 7 (1350 nm) consistently increases with
diameter for d = 30-100 nm [see Fig. 2(e)]. The most proba-
ble explanation for this behavior is that the density of surface
defects increases with decreasing NW diameter, as has been ob-
served recently for wurtzite NWs [24]. Therefore, it is likely that
carriers in the mid-gap defect states examined by the 1350 nm
probe can return to equilibrium through additional surface states
at lower energies, whose density increases as the NW diameter
decreases. However, we cannot rule out other possibilities, e.g.,
changes in the nature of the surface-related defects (e.g., their
energetic position) with the NW diameter could also lead to the
observed dependence of 7 (1350 nm) on d. We note that our ex-
periments do not enable us to determine the origin of the defect
states that govern carrier relaxation in SiNWs. Nevertheless, it
is likely that the defects that govern the initial relaxation of the
570-nm probe signal are different than those probed at 1350 nm,
as the 570-nm probe photons can be absorbed from defects that
exist at energies both above and below those that are probed at
1350 nm. In addition, the nature of these defects is likely to be
different in SiNWs than in bulk Si. This, along with the strong
wavelength dependence of the dynamics, makes comparisons
of our data on SiNWs to previous ultrafast optical experiments
on bulk Si [25]-[27] difficult, as all of these experiments were
performed at different pump and probe wavelengths than those
used here.

The AT/T(1350 nm) signal drastically changes when the NW
diameter is reduced to 10 nm [see Fig. 2(c) and (d)]; here, we
observe a negative photoinduced transmission change at ¢ =
0, indicating induced absorption. Quantum confinement effects
could account for the observed signal, since a recent report re-
vealed a blueshift in the absorption edge of SINWs as compared
to the bulk [9]; if the mid-gap defect states probed for d = 30—
100 nm shifted to higher energies for d = 10 nm, then induced
absorption of the 1350-nm probe photons could dominate over
state filling. In a similar manner, bandgap renormalization [16]
could also influence the observed dynamics by causing the ab-
sorption of the probe beam to increase after photoexcitation.
Finally, changes in the nature of the defect states or contami-
nation from the catalyst Au nanoparticles could also cause the
anomalous AT/T(1350 nm) signal for d = 10 nm. In general, a
more detailed study of NWs with diameters close to the exci-
ton Bohr radius must be carried out to obtain a more complete
understanding of the unique physics observed here.

In order to understand the influence of the laser polarization
on carrier dynamics in SINWSs, we also performed time-resolved
polarization-dependent experiments on the d = 50 nm SiNW
sample with a 1045 nm probe. The inset of Fig. 3 on the lower
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Fig. 3. Polarization-dependent transmission in d = 50 nm SiNWs at a pump

fluence of 400 11J /cm? and a probe wavelength of 1045 nm. Here, “E” indicates
the pump polarization and “P” indicates the probe polarization. The upper left
inset shows the corresponding normalized data, and the lower right inset shows
an optical microscope image of the NWs after dry transfer onto the sapphire
substrate.

right shows that most of the SiNWs are horizontally aligned
when observed under an optical microscope, making this study
possible. Fig. 3 shows the pump-induced change in the probe
transmission for four different sets of measurements where both
the pump and probe polarization were varied. It is clear that
AT/T (t = 0) is maximum (minimum) when the polarizations of
both pump and probe beams are parallel (perpendicular) to the
NW axis. This is consistent with previous linear absorption mea-
surements [28], [29], which demonstrated that both absorption
and PL are maximum when the electric field of the incident light
is polarized parallel to the NW axis, due to the large dielectric
contrast between the NW and the air surrounding it. Therefore,
the highest carrier density is generated when the pump is polar-
ized parallel to the NW axis. Similarly, the probe is maximally
absorbed when it is polarized along the NW axis. The result-
ing polarization dependence of AT/T (t = 0) can then be easily
understood by noting that the photoinduced change will be the
largest when the photoinduced carrier density (<AT) and probe
absorption (ox(1—7)) are concurrently maximized. In addition,
the inset of Fig. 3 on the upper left reveals that the dynamics
do not significantly change with pump and probe polarization.
Similar studies will be carried out on single NWs to further
confirm and understand this behavior.

Finally, we also examined the dependence of ultrafast dynam-
ics in SINWs on pump fluence. Fig. 4 depicts the photoinduced
change in transmission for d = 50 nm SiNWs at probe wave-
lengths of 570 and 1350 nm for several pump fluences. It is clear
that the carrier lifetime decreases significantly with increasing
fluence for the 570 nm probe, but varies substantially less with
fluence at 1350 nm.

Fig. 5 more quantitatively confirms this by depicting the vari-
ation of the initial relaxation time constant 7with pump fluence
for both probe wavelengths. Several possible mechanisms could
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Fig. 4. Pump-fluence-dependent carrier relaxation dynamics in d = 50 nm

SiNWs probed at (a) 570 nm and (b) 1350 nm. Insets show the data on a 100 ps
timescale with peak amplitudes normalized.

explain the dependence of 7(570 nm) on pump fluence. For ex-
ample, Auger recombination (AR) is a dominant process in
low-dimensional systems, due to the fact that spatial confine-
ment increases carrier—carrier interactions as compared to bulk
semiconductors [16] and has been shown to influence relaxation
dynamics in SiNWs [30] as well as in other NW systems [31].
However, the wide size distribution in our NW samples made
it difficult to unambiguously fit conventional expressions for
either bimolecular (exciton—exciton) or three-carrier AR [31] to
our data. Bandgap renormalization could also influence the ob-
served fluence-dependent dynamics, since the photoexcited car-
rier density in our experiments is >10'? /cm?, which is larger
than the Mott carrier density for silicon [32]. In this scenario,
the bandgap would transiently shrink with increasing carrier
density, which could cause the probe photons to examine higher
energy states in the conduction band relative to the renormalized
band minimum from which carriers would relax more rapidly. A
final possibility is that, given the complex nature of defect states
in the SiNWs, a laser-induced transformation of one defect state
into another could also explain the observed density-dependent
carrier relaxation at 570 nm [21].

d=50nm
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Fig. 5. Plot of 7 versus pump fluence for d = 50 nm SiNWs probed at 570
and 1350 nm.

Fig. 5 also reveals that 7 varies significantly less with flu-
ence at 1350 nm than at 570 nm, and in fact it is essen-
tially constant for fluences <400 pJ /cm?. The changes in 7
(1350 nm) at higher fluences could also be due to bandgap
renormalization, which could make additional transitions be-
tween lower energy defect states and the conduction band pos-
sible. Future controlled growth of SINW's with fewer defects and
concurrent investigation into the nature of defects in SINWs will
provide us with further insight into these observations.

IV. CONCLUSION

In conclusion, we have performed the first fs pump—probe
experiments on SiNWs, to the best of our knowledge. These
experiments were performed as a function of the NW diameter,
pump and probe polarizations, and pump fluence to examine
the influence of these parameters on the observed dynamics. We
find that surface traps and recombination centers govern carrier
relaxation in SiNWs, particularly those with d < 50 nm. The
magnitude of the measured photoinduced transmission changes
also strongly depends on the pump and probe polarizations.
Finally, we also observe that the carrier lifetime significantly
decreases with increasing pump fluence, likely due to many-
body interactions between photoexcited carriers. These first ul-
trafast optical experiments on SiNWs demonstrate that carrier
relaxation processes occur on a subnanosecond timescale and
indicate that minimizing the influence of defect states on carrier
dynamics (e.g., through surface passivation) will be essential in
future nanophotonic applications of these quasi-1D systems.
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