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O
ne-dimensional nanoscale devices,
such as semiconductor nanowires
(NWs) and single-walled carbon

nanotubes (SWNTs), have been intensively
investigated because of their potential ap-
plication for future high-speed electronic,
optoelectronic, and sensing devices.1�6 In-
vestigation of charge carrier dynamics with
an ultrashort time scale is one of the primary
steps necessary for developing high-speed
electronic devices. The transit time of the
charge carriers is the ultimate factor limiting
the high-frequency response of nanoscale
devices;7 however, traditional radio fre-
quency measurements are often limited
by the high impedance or the RC constants
of the devices.8�12 Alternatively, optical
ultrafast measurement techniques have
been widely used to investigate charge
carrier dynamics with a time resolution
determined by the optical pulse width
(down to a few femtoseconds).13 Recently,
researchers have reported visualizing
charge carrier movements in free-standing
Si NWs using an ultrafast pump�probe
imaging technique.14�16 The carrier diffu-
sion motions induced by a pump pulse
located in the middle of the NWs were
visualized. In addition, transient absorption
microscopy has been successfully intro-
duced for studying the energy and the

charge carrier movement in SWNTs, Au
NWs, and monolayer WSe2.

17�20 However,
these optical measurements are limited for
interrogating the carrier dynamics in operat-
ing devices fabricated on various substrates
because they are frequently obscured by the
substrate signals. Consequently, these tech-
niques are not ideal for low-dimensional
systems with NWs thinner than the optical
spot size (<100 nm) or with SWNTs.
Scanning photocurrent microscopy

(SPCM) techniques have been introduced
as powerful tools for investigating local
optoelectronic characteristics, such as me-
tallic contacts, defects, interfaces, and
junctions.21�28 We were able to collect
localized electronic band information that
is not disturbed by signals originating from
the substrate, and hence, compared with
conventional optical techniques, SPCM can
provide a higher signal-to-noise ratio. Only
recently, ultrafast pump�probe photocur-
rent techniques have been demonstrated
for studying carrier dynamics in SWNT de-
vices by using collinear pump and probe
beams.29,30 In addition, ultrafast phenom-
ena in graphene and GaAs NWs have
been investigated by measuring terahertz
radiation in specially designed circuit
structures.31,32 However, the carrier dy-
namics have not been directly visualized,
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ABSTRACT In the present study, we visualize ultrafast carrier dynamics

in one-dimensional nanoscale devices, such as Si nanowire and carbon

nanotube transistors using femtosecond photocurrent microscopy. We

investigate transit times of ultrashort carriers that are generated near one

metallic electrode and subsequently transported toward the opposite

electrode based on drift and diffusion motions. Conversely, pure diffusion

motion is observed when the pump pulse is located in the middle of the

nanowires. Carrier dynamics have been addressed for various working

conditions, in which we found that the carrier velocity and pulse width can

be manipulated by the external electrodes. In particular, the carrier velocities extracted from transit times increase for a larger negative gate bias because

of the increased field strength at the Schottky barrier.
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in particular, with respect to various working con-
ditions.
Here we present the first demonstration of femto-

second scanning photocurrent microscopy (fs-SPCM)
on Si NWs and SWNT field-effect transistors (FETs). We
generate ultrashort carriers at the FET channels by
illuminating femtosecond laser pulses at Schottky
contacts and monitor their subsequent migration to-
ward different parts of NWs. We visualized their move-
ments in terms of various working conditions such as
source-drain and gate biases for NWs and SWNTs with
various channel lengths. In addition, we introduce a
possibility for ultrafast pulse shaping in which we
control the time spread of the electrical pulse with
the help of the external electrodes.

RESULTS AND DISCUSSION

As schematically presented in Figure 1a, ultrafast
carrier dynamics in NW devices have been measured
using a combination of scanning photocurrent
microscopy27,33,34 and time-resolved pump�probe
techniques.13 If we locate the femtosecond pump
pulse near the metallic contacts (i.e., the Schottky
contacts with strong electronic band bending), an
ultrashort carrier pulse will be generated and subse-
quently transported toward the middle of the NW by
the drift motion resulting from built-in electric fields.
Pure diffusion motions will follow once the carriers
escape the depletion region. The carriers transported
to the other part of the NWs can be monitored using
the spatially separated probe pulses. This is because
the carriers subjected to pump-induced migration will
influence the photocurrent generated by the probe
pulse (Ipr). The value of Ipr is recorded as a function of
the position of both the pump and the probe pulses
and also as a function of the time delay between them,

enabling us to obtain a spatiotemporal image of carrier
movements. The experimental setup is schematically
shown in Figure 1b, and its detailed description is
presented in the Methods section. Importantly, we
monitor the probe photocurrent exclusively by using a
lock-in technique. By comparison, the previous femto-
second photocurrent measurements on SWNTs record
the two collinear pulses simultaneously and thus
necessitate the nonlinear response of single-pulse
excitation as a prerequisite condition.30

Figure 2a shows a typical photocurrent microscopic
image of a Si NW device that has a channel length (lch)
of 4 μm; this image is acquired by scanning the probe
pulse (∼60 fJ/pulse) in the absence of the pump pulse,
with the voltages for both the source-drain bias (VSD)
and the gate bias (VG) fixed at 0 V. Photocurrent spots
near the metal contacts are clearly visible along the Si
NWs. Both spots are located approximately 0.25 μm
from their respective metal interfaces, and this config-
uration results in a relative distance of dpc ∼ 3.5 μm. In
this figure, red (blue) indicates a positive (negative)
current. The current spots near the metal electrodes
originate from the electronic band bending at the
electrode�NW interfaces, as reported in other
studies.21 Here, we are interested in visualizing the
carrier movement created near one of the metallic
contacts (denoted by S in Figure 2a) and the subse-
quent migration to the other side of the electrode
(denoted by D), which is positioned 3.5 μm from the
pump position.
In the presence of a pump pulse (∼0.6 pJ/pulse), Ipr

changes dramatically as a function of time delay (tdelay)
for both the S and D signals. A series of Ipr images as a
function of tdelay are provided in the Supporting In-
formation S2. Here we demonstrate a two-dimensional
plot of spatiotemporal imaging in Figure 2b, for a

Figure 1. Schematic of experiments. (a) Schematic diagramof ultrafast carrier dynamics in a NWdevice. Photoinduced ultrafast
carriers are generated by a femtosecond laser and then transported toward the other part of the NWs by drift and subsequent
diffusion processes. (b) Schematic diagram of the experimental setup (CM, chirped mirrors; DM, deformable mirror).
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pump pulse at a fixed position (S). Specifically,
we measure Ipr along the dashed line (Xprobe) in
Figure 2a while varying tdelay (0�600 ps). Both Ipr
signals (at positions S and D) decrease noticeably in
the presence of the pump pulse. In particular, Ipr is
reduced significantly near the zero delay, which indi-
cates that the change in Ipr primarily results from the
presence of the pump pulse.
More importantly, when the probe pulse is posi-

tioned at D, the maximum change in Ipr is delayed, as
indicated by a red arrow. The delayed change in Ipr at
position D is caused by the migrated carriers
(generated by the pump pulse), which are spatially
separated at position S. When the electron and hole
pairs are created in the band-bending region, the
electronsmove to the nearbymetal electrode (S), while
the holes are injected toward the opposite electrode
(D) in p-type operation, as shown in the insets of
Figure 2c,d. The migrated hole carriers occupy some
of the states that would have been excited by the
probe pulse, and this phenomenon results in the
decreased Ipr. Alternatively, it is also plausible that
themigrated carriers will influence the electronic band
structures when the pump-induced carrier densities
are large in high-intensity conditions. In our case, the
maximum carrier density reaches 5 � 1017/cm3, right
after the excitations, for the typical pulse energy
of 0.6 pJ/pulse (we used an absorption coefficient of
1000 cm�1 for Si at 800 nm and a reflection loss
of 32%). We would like to mention that the band

alignment did not change noticeably at this density
regime, which was confirmed by SPCMmeasurements
conducted using the femtosecond lasers with the
comparable intensity (see Supporting Information S5).
The magnitude of the change in Ipr (ΔIpr) for posi-

tions S and D is plotted as a function of tdelay in
Figure 2c,d, respectively. ΔIpr is the absolute value of
the change and thus yields the positive maximum
value when Ipr is at the minimum in Figure 2b. For
position S, ΔIpr is largest at zero delay and gradually
relaxes with a decay constant of 140 ps. The measure-
ment of the carrier escape time for photogenerated
carriers has been reported for SWNT devices by using
the collinear pump�probe photocurrent technique.30

Conversely, when we measure ΔIpr on the opposite
side of the electrode (at position D), ΔIpr increases
rapidly until it reaches its highest value at τ ∼ 65 ps.
This transit time (τpeak) corresponds to a carrier velocity
of 5.4 � 106 cm/s. In addition, the initial increase in
ΔIpr for tdelay < τpeak is well fitted by the relation ΔIpr �
1 � exp(�tdelay/τc), where τc is the characteristic time
constant (when ΔIpr reaches 63% of its maximum
value), which yields a value of 18.5 ps. Similar results
on the different channel lengths are presented in the
Supporting Information S3. We also note that carrier
dynamics can be obtained for the probe pulse located
in the middle of NWs, even though this visualization is
not provided in Figure 2 because of the low contrast
ratio relative to the metallic signals (Supporting Infor-
mation S4). In addition, we found that theΔIpr increases

Figure 2. Spatiotemporal imaging of photogenerated carriers. (a) Typical photocurrent microscopy image of a Si NW device
with lch = 4 μmwithout a pump pulse for VSD = VG = 0. (b) Plot of the spatiotemporal image obtained when the pump pulse is
fixed at position S forVG =�15V. The x-axis represents the position along the dashed line in (a), and the y-axis represents time
delay. The maximum change in signal Ipr at position D is denoted by a red arrow. (c) Time trace of ΔIpr when the probe is
positioned at S (when the probe spatially overlaps the pump pulse). ΔIpr is defined as |Ipr � Ipr,off|, where Ipr,off is the probe
photocurrent without the pump pulse. (d) Time trace of ΔIpr when the probe is positioned at D.
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linearly with the pump power energy, far below the
saturation regime (Supporting Information S5).
As previously mentioned, fs-SPCM is a powerful

technique for investigating carrier dynamics for nano-
scale systemswith a very low cross section, such as thin
NWs and SWNTs. The results for the SWNT (τpeak∼ 5 ps
for 4 μm separation) and the Si NWs with a diameter of
30 nm (τpeak∼ 16 ps for 1 μm separation) are shown in
the Supporting Information S6 and S7. In particular, the
transit time of the SWNT device is about 10 times
shorter than that of Si NWs with similar channel length
because of the higher SWNT mobility. The transit time
has not been measured before in SWNTs by using the
spatially separated pump and probe pulses, whereas
the previous optical and photocurrent microscope
used the collinear pump and probe pulses.17,18,29,30

On the other hand, the RF measurements revealed the
cutoff frequency of less than∼15 GHz for an individual
SWNT device and ∼150 GHz for network SWNTs.35�37

Our results simply imply that the intrinsic cutoff fre-
quency of individual SWNT devices could reach 1 THz
for lch < 1 μm.
Using the techniques presented in this paper, carrier

dynamics based on a fixed pump position (located at
the metallic contact region) have been successfully
demonstrated by recording the value of Ipr as a func-
tion of the probe position. Here, we address carrier
dynamics as a function of both the pump and the

probe positions by introducing a novel technique
based on pump�probe photocurrent correlation
images. A representative image measured at VG = 0 V
and tdelay = 2 ps is shown in Figure 3a. Xprobe and Xpump

represent the positions of the probe and the pump
spots, respectively, and therefore, the solid diagonal
line indicates the region where the two pulses
spatially overlap. This image is particularly useful
for identifying pump locations where nanoscale
devices experience interesting dynamical phenom-
ena. A dramatic decrease in Ipr is clearly visible where
there is a spatial overlap between the pump and
the probe pulses at approximately zero delay. As
expected, ΔIpr is noticeable when the pump pulse
is positioned near the metallic contacts (denoted by
A and C).
A three-dimensional spatiotemporal image can

be constructed by accumulating two-dimensional
pump�probe correlation images as a function of tdelay.
A series of correlation images are shown in Figure 3b as
a function of tdelay, ranging from 0 to 100 ps, with a
20 ps interval. When the pump pulse illuminates a
band-bending region around A or C, the dynamical
behaviors of Ipr are consistent with the behaviors
in Figure 2. In particular, we observe an abrupt de-
crease in Ipr at tdelay = 0 ps when the pump and probe
pulses are spatially overlapped (diagonal positions)
and a delayed change in Ipr at opposite electrodes,

Figure 3. Pump�probephotocurrent correlation images. (a) Probephotocurrents aremappedasa functionofprobe (Xprobe) and
pump (Xpump) positions for VG = 0 V and tdelay = 2 ps. (b) Three-dimensional spatiotemporal image, which is constructed by
accumulating the two-dimensional images shown in (a) as a function of tdelay (from 0 to 100 ps). (c) Plots of ΔIpr measured at
positions S (blue line) andD (red line) as a functionof tdelay when thepumppulse illuminates the centerof theNW, as indicatedby
position B in (a). The black solid line indicates the results of the numerical calculation based on a transient diffusion model.
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as indicated by red and blue arrows (off-diagonal
positions).
Interestingly, we can also observe the dynamical

change in Ipr when the pump pulse illuminates a flat-
band region [i.e., the middle of the NW (denoted by B
in Figure 3a)], although they are overshadowed by
the metallic signals. This phenomenon occurs when
pump-induced carrier dynamics are dominated by the
pure diffusion process because there is no built-in
electric field. In Figure 3c, we show a plot of ΔIpr
measured at the metallic contacts (positions S and D)
as a function of tdelay when Xpump is located at the
center of the NW for the higher pump energy of 5 pJ/
pulse. We found a gradual increase inΔIpr as a function
of tdelay, which likely results from holes migrating
through the diffusion process. The τpeak value of
∼200 ps is in good agreement with value generated
by numerical calculation (represented by a black solid
line) using the time-dependent carrier diffusion equa-
tion (Supporting Information S8).
It is crucial to address dynamical carrier movements

in terms of various working conditions, such as the
source-drain bias and the gate bias, which are config-
urations that strongly modify the electronic band
structures of NWs. While it is easily expected that the
external bias voltages will influence overall carrier
velocity, they are also capable of manipulating the
shape of ultrashort carrier pulses. We first address
carrier dynamics with respect to source-drain bias
voltage (VSD) for a device with lch = 6.5 μm. We show
in Figure 4a a line profile of Ipr without the pump pulse
for the five different VSD values from �100 to 100 mV.
For the relatively low bias conditions, the potential
drop is dominant near the metal contacts, as schema-
tically shown in Figure 4b. We measured Ipr at the
opposite electrode D as a function of tdelay for the fixed
pump position at S. Figure 4c shows ΔIpr as a function
of tdelay with VG = 0. At this gate bias condition (i.e., near
flat-band condition, as will be discussed later), ΔIpr
spreads over hundreds of picoseconds for VSD = 0
(black line). For negative bias conditions (VSD < 0), ΔIpr
extends even further in the time domain (red and pink
lines); however, for positive biases (VSD > 0),ΔIpr decays
rapidly, demonstrating a significant narrowing of the
electrical pulse width (blue and green lines).
This is because, for VSD < 0, the electrostatic potential

is lower at the probe position (D) than that of the pump
position (S)with respect to hole carriers. In otherwords,
many carriers with the low kinetic energies can reach
the opposite electrodes efficiently, and this leads to the
significant spreads in the transit time. Conversely, for
VSD > 0, the potential at the opposite electrode is
higher, and this reduces the number of the carriers
that arrive at the opposite electrode. In other words,
only carriers with the higher kinetic energies can reach
the opposite electrode, resulting in the narrowing
of the electrical pulse width. We also found similar

behaviors on a thin NW device which demonstrates
significant narrowing of the carrier pulse for VSD > 0
(Supporting Information S7). In general, the temporal
shape of the electrical pulse generated at the Schottky
contacts by the femtosecond lasers broadens signifi-
cantly while propagating in the NWs (also see Support-
ing Information S8). However, our results suggest a
possibility of electrical pulse shaping though velocity

filtering, controlled by the external electrodes. There-
fore, it will be possible to improve the bandwidth of the
high-speed devices by adding a local potential barrier
in the middle of NWs.
From now on, we focus on the gate-dependent

dynamical behaviors of the photogenerated carriers.
Figure 5a shows the dc conductivity of the device (lch =
4 μm) as a function of VG. The high on-state current and
the large transconductance for the n-type region
mainly result from Si electron mobility, which is higher
than the hole mobility.38,39 Based on this plot, a band
gap region is clearly defined and ranges from�12.2 to
þ11.5 V; we can thereby obtain a gate efficiency
parameter R of 0.047.40 Figure 5b shows a plot of ΔIpr
as a function of tdelay for the four different gate bias
configurations. The transit time increases significantly
as we increase VG from�30 to 15 V. The time constants
τc were obtained by fitting the time traces, and
the results are plotted in Figure 5c. In particular, τc

Figure 4. Source-drain bias voltage dependence. (a) Line
profiles of Ipr along Si NW axis without pump pulse for a
devicewith lch = 6.5μmforfive differentVSD values. PC spots
are localized nearmetallic contacts regardless of VSD for low
bias conditions, whereas the strength of S and D signals
varies with VSD. (b) Schematic representation of the electro-
static potentials extracted from (a). (c) Plot of ΔIpr as a
function of time delay with the presence of pump pulse at
position S for the five different VSD values.
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increases rapidly for VG > 0 V, and this increase reflects
the significant reduction in the band-bending strength
in the NWs (i.e., the suppressed drift motions). It is likely
that carrier transport is dominated by a hole diffusion
process for VG > 10 V.
Because the band-bending direction is reversed for

VG > 10 V, the electron carriers (instead of the hole
carriers) are injected toward the opposite electrode.
Therefore, it is surprising that we cannot observe
experimental evidence regarding electron transport
phenomena in the n-type operating condition. This
limitation likely occurs because we use a device with
moderately n-doped materials; specifically, our tech-
nique is best suited for interrogating the dynamics of
the minority carrier.41 However, if we increase the
pump intensity by a factor of 10 (as shown in the inset
of Figure 5c), a dramatic reduction is observed for
n-type operation (e.g., τc ∼ 30 ps at VG = 30 V for the
sample with dpc ∼ 5.5 μm), and this finding likely
results from the transport of electrons.
Corresponding to the maximum ΔIpr, the most

probable hole velocity (vpeak) in Figure 5b is plotted
as a function of VG, as shown in Figure 5d. For this plot,
we use the gate-dependent transit times obtained
from Figure 5c and the following relation τpeak ≈ 3.5 τc.
We combine the results for three devices with different
channel lengths of 4, 6, and 8 μm (with dpc of 3.5, 5.5,
and 7.5 μm, respectively). The velocity decreases

linearly as the field strength is reduced, and this result
is in accordance with the change in the gate potential
(from VG = �50 V to VG = 0 V). This finding is expected
because of the field-dependent drift velocity of
vB ¼ μhEB, where μh is the hole mobility and EB repre-
sents the localized electric fields. Here it is reasonable
assumption that the electric fields in the depletion
layer is proportional to the applied gate bias voltage,
which is confirmed by the band alignment measure-
ments extracted from SPCM (see Supporting Informa-
tion S5). By fitting the data and applying the gate
efficiency parameter, we extracted a minority hole
mobility of 200 cm2/Vs, which is in reasonable agree-
ment with the known value.38,39

It is interesting that the gate-dependent velocity
measured at opposite electrodes does not change
noticeably for different channel lengths. This finding
is a significant deviation from simulation results with a
transient drift-diffusionmodel, which predicts a drastic
decrease in vpeak when lch is larger than the width of
the depletion layer (500 nm) (Supporting Information
S8). In general, the carrier velocity tends to decrease
rapidly when carriers are subject to a pure diffusion
process outside the depletion region. However, our
experimental data suggest that the average carrier
velocity is independent of lch. This finding is described
as drift-like motion, which has been reported pre-
viously in time-of-flight measurements.42 Attributed

Figure 5. Gate-dependent carrier transport phenomena. (a) Direct current conductance as a function of VG for the sample
with dpc = 3.5 μmwith a relatively low pump intensity of I0 = 0.6 pJ/pulse. (Insets) Schematic diagrams of the gate-dependent
band alignments. Electric field strength in the depletion region decreases as VG increases in p-type operation (from�50 to 0
V); consequently, initial speed of the injected carriers decreases accordingly. (b) Normalized time traces of ΔIpr for various
values of VG. (c) τc as a function of VG. τc increase from6 ps (VG =�50 V) to 43 ps (VG = 0 V). (Inset) τc as a function of VGwith dpc
= 5.5 μm for both low- (I0) and high-intensity (10 I0) conditions. (d) vpeak as a function of VG for the three devices with different
values of dpc (3.5, 5.5, and 7.5 μm). The solid line is a linear fit for the data with VG < 0.

A
RTIC

LE



SON ET AL. VOL. 8 ’ NO. 11 ’ 11361–11368 ’ 2014

www.acsnano.org

11367

to both surface recombination effects and the unique
transport properties at high carrier kinetic energies,
this phenomenon necessitates future study using a
kinetic model that includes non-equilibrium initial
carrier distributions. In addition, these effects could
possibly explain why the carrier velocity reaches as
high as the saturation velocity of ∼107 cm/s for the
high gate bias conditions,38 which is relatively large
even if we consider possible errors that are linked to
the electrical pulse broadening at the detection
position.

CONCLUSION

In summary, we developed a novel technique
based on ultrafast photocurrent microscopy by com-
bining scanning photocurrent microscopy and ultra-
fast pump�probe techniques. The transport of carriers
created by the femtosecond pump pulse has been
imaged by observing the change in the probe

photocurrent. In particular, we measured the transit
time of the carriers transported to opposite electrodes.
We studied carrier dynamics in various working
conditions, such as source-drain and gate biases.
Gate-dependent measurements reveal that the carrier
velocity changes linearly with the applied gate bias in
accordance with changes in the electric field strength
in the Schottky barrier. Conversely, the source-drain
bias control results in the tailoring of the ultrashort
electrical pulses. We observed drift-like motion, in
which the average velocity did not change noticeably
with changes in the channel length (up to 8 μm). Based
on these results, it will be possible to design novel
devices in which we create ultrafast carrier pulses
and simultaneously control their movements. This
work represents an important step toward understand-
ing ultrafast dynamics in various nanoscale devices
and toward developing future high-speed electronic
devices.

METHODS
Femtosecond Scanning Photocurrent Microscopy. A femtosecond

Ti:sapphire laser (centered at 800 nm with a repetition rate of
80 MHz and a pulse width of 60 fs) is used to locally photoexcite
a NW device. The laser beams were divided into pump and
probe beams, and tdelay is generated by a delay stage, which is
located in the path of the pump beam. A pair of chirped mirrors
(CM) is used to compensate for the positive dispersion that
originates mainly from the objective lens. The pump and probe
pulses are focused on the samples using the objective lens
(100� and NA 0.80), which has a full width at half-maximum of
600 nm. A pair of two-axis steering mirrors (Newport Corpora-
tion, Inc.) is used to manipulate the positions of both focused
laser spots. An optical modulator (Boston Micromachines
Corporation) is used to optically modulate the probe pulse
at 20 kHz to capture only the Ipr signals and to exclude the
photocurrents generated directly by the pump pulse. This
modulator is advantageous over the acousto-optic types be-
cause it is free from the dispersion effects and delivers better
spatial resolution for the focused laser. Ipr is measured using a
high-speed current preamplifier (FEMTO Messtechnik GmbH)
and a subsequent lock-in amplifier (Signal Recovery) operated
at the probe modulation frequency. Each image was taken
within 10 s, whereas the rest of the technical details for fast
SPCM imaging can be found elsewhere.27

Device Fabrication. Si NW FETs shown in the main text are
fabricated from silicon-on-insulator wafers (Soitec, Inc.), which
have an oxide layer (1 μm) and a moderately doped n-type Si
layer (thickness of 200 nm and doping concentration of 1.6 �
1016 cm�3). NW patterns are generated with widths of 200�
300 nm and channel lengths of 4�10 μm, by an electron-beam
lithography technique followed by inductively coupled plasma
etching.43,44 Etched Si NWs are then electrically connected by Ni
and Au (50 and 200 nm, respectively) electrodes using electron-
beam lithography. After these processes, the device is annealed
at 250 �C for 10min under an Ar atmosphere. Scanning electron
microscopy image of the device is shown in Supporting Infor-
mation S1.
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