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ABSTRACT

We report optical scanning measurements on photocurrent in individual Si nanowire field effect transistors (SINW FETS). We observe increases
in the conductance of more than 2 orders of magnitude and a large conductance polarization anisotropy of 0.8, making our SINW FETs a
polarization-sensitive, high-resolution light detector. In addition, scanning images of photocurrent at various biases reveal the local energy-
band profile especially near the electrode contacts. The magnitude and polarity of the photocurrent vary depending on the gate hias, a
behavior that can be explained using band flattening and a Schottky-barrier-type change. This technique is a powerful tool for studying
photosensitive nanoscale devices.

Semiconducting nanoscale structures, especially nanowireghat the local optoelectronic characteristics provide the
(NWs) and carbon nanotubes (CNTS),offer exciting detailed spatial information on the energy-band diagram in
electronic and optical properties, and have been used recentlyour SINW FETSs.

as core materials in several optoelectronic components. In  Faprication of SINW FETs begins with the synthesis of
particular, photoconductance measurements have been pemanowires using the vapetiquid—solid chemical vapor
formed on InP,ZnO? and GaN NWs as well as CNTS:® deposition techniqu¥. Au clusters <20 nm) were used as
Optical studies on SiNWs, however, have focused primarily 3 catalyst to grow SiNWs in a flow of Sitand H. A small
on the confinement effects using photoluminescence mea-gmount of BH, was sometimes mixed to the flow in order
surements®** to growp-doped NWs. Both intrinsic anp-type NWs were

In most of the previous studies, the characteristics of 20—-30 nm thick (measured by AFM) and showed a single
individual NW or CNT optoelectronic devices were measured crystalline structure (confirmed by TEM). SiNWs were then
with a wide-field i”umination, which lacks the Capablllty to deposited on an oxidized Si wafer substrate with a 220-nm-
locally probe and measure light-induced responses. There+hick thermal oxide layer that serves as a gate oxide. The
fore, the Spatial profile of the electronic band in individual Conducting back substrate was used as a back gate_ Both
NWs or CNTs has not been investigated in conjunction standard photo- and electron-beam lithography techniques
with their photoelectronic properties. It is widely known  followed by metal evaporation and liftoff were used to define
that devices fabricated using semiconducting NWs or CNTS the drain and source electrodes to electrically contact SINWs.
form non-OhmIC contacts and therefore the“ contact pI’Oper- To improve the contact propertieS, we used a So_nm_thick

ties play a crucial role in understanding the overall N;|ayer to contact SINWs with a rapid thermal annealing
performancé?*°> Therefore, the development of a local process.

probe technique is highly desirable for investigating how the
contact properties and the overall electronic band profile in
these devices affect the device characteristics. Recently
scanning photoelectric measurements were demonstrate
using CNT device&;? but the spatial profile of the electronic
band in individual NWs has not been investigated in
conjunction with their photoelectronic properties.

We report scanning measurements of photoconductanc
and photocurrents in Si nanowire FETs. We show that Si
nanowires can be used as a polarization-sensitive, high-
resolution photodetector in the visible range. We also show

The combined optical scanning microscope and transport
measurement setup is illustrated in Figure 1a. In this setup,
'cf SiINW device can be illuminated by a diffraction-limited
aser spot (diametex 500 nm) with a wavelength of 532
nm while the device conductance is recorded as a function
of the position of the laser spot. The small spot size of the
light enables us to record the photoinduced electronic signal
Shat originates from the light illumination at different parts
of SINWs. We can also measure the reflected light simul-
taneously to decide the absolute position of the laser spot.

In Figure 1b-d, we first show the scanning photocon-
* Corresponding author. E-mail: park@rowland.harvard.edu. ductance (PC) recorded for a shorQ.8 um) p-type SINW
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Figure 2. (a) A scanning photocurrent image (color-scale) overlaid
on a confocal reflection image (gray-scale) simultaneously taken
atV = Vg = 0 with a light intensity of 100 kW/cé The image
Figure 1. (a) The scanning photocurrent measurement setup. (b) size is 20 by 5@im. The direction of the positive current is indicated
Scanning PC images measured \at= 0.1 V with the light in the upper inset. Red (blue) corresponds to a positive (negative)
polarization parallel (main panel) and perpendicular (upper inset) current. In the reflection image, Ni electrodes (highlighted by dashed
to the NW. The nanowire PC is represented by the color scale thatlines) are not visible because the light reflection from an Ni surface
increases from black (0 nS) through red to yellow (1000 nS). The is weak at 532 nm. (b) An enlarged photocurrent image from part
lower inset shows a topographic AFM image of the deviceurfl- a with energy-band diagrams describing the mechanism of the SPC
scale bars in the insets) (c) The light instensity and (d) polarization generation.

dependence of the SINW PC with the laser spot at the maximum

in the main panel of b. In d, zero corresponds to the parallel hi than the si fthe | t I Fi >
polarization. The PC was measured only between zero and 1goMmuch fargér than the size ot the laser spot. In Figure 2a, we

degrees and then copied to the other half. overlay two images measured simultaneously. The first image
(gray-scale) shows the confocal image of the reflected light
device. With the light linearly polarized parallel to the axis measured with the same 532-nm laser. Large gold electrodes
of the NW, the device shows a large conductance changeare visible in the light gray areas on either side of the SINW
only when the light spot is located on the NW (see the main (indicated using a white dotted line based on the AFM
panel, Figure 1b). However, when the light is polarized topographic image). The second image (color-scale) shows
perpendicular to the NW axis a much smaller PC was €lectric current as a function of the laser spot position when
observed (upper inset, Figure 1b). Figure 1c shows the PCV = 0. Here, red (blue) indicates a positive (negative) current.
(denoted byAG) as a function of the light intensity (at the A localized positive current spot near the drain electrode as
maximum conductance change position). The PC increasegvell as a negative current spot near the source electrode is
linearly with the light intensity for more than 2 orders of cClearly visible in Figure 2a.
magnitude with a sensitivity that is similar to that of InP ~ These light-induced current “pockets” near the contacts
NWs reported previoushand significantly larger than that were observed at zero bias from all of the SINW devices
of CNTs! In Figure 1d, we show the polar plot of the PC (more than 10 devices) measured to date with magnitudes
versus the polarization of the incident light. This clearly ranging from 10 to 50 nA for a light intensity o100 kw/
shows that the NW conductance is maximum (minimum) cn¥ atVs = 0 V. More interestingly, it always shows positive
when the polarization of the incident light is parallel (negative) current with the laser spot close to the drain
(perpendicular) to the axis of the NW. The PC anisotropy (source) electrode. The magnitude of the current spot is
ratio,o = (AG, — AGR)/(AG, + AGp) of this device is 0.8. linearly proportional to the light intensity and shows similar
These observations prove unambiguously that the SiNW light polarization dependence as in Figure 1d, another
itself is responsible for the photoconductance behavior. It behavior that strongly suggests that this localized photocur-
also shows that SINW devices are excellent polarization- rent originates from the wire itself.
sensitive light detectors with a submicron spatial resolution.  This striking zero-bias photocurrent behavior can be
The observed PC anisotropy is most likely due to the explained from a simple process shown in Figure 2b. If a
anisotropy in the light absorption, which is caused by a large SiNW is illuminated near the drain electrode (left diagram),
dielectric contrast between SiNWe (= 11.8) and its electron-hole pairs will be locally created (1). Then they
surroundingsd ~ 1). This has been cited previously as the will be accelerated in opposite directions, that is, electrons
principal mechanism for the photoluminescence and photo-to the drain electrode and holes to the middle of the wire
conductance polarization anisotropy observed from InP anddriven by the electric field near the electrode contact (2).
Si nanowires as well as carbon nanotubes with a wide-field We draw the electronic bands to be lower near the contacts
illumination 1 to match the observed photocurrent polarity (see below). The
However, a more intriguing photoelectric behavior was electrons injected into the drain electrode will contribute to
observed when we measuretiger SINWs whose lengthis  net positive (zero) current when holes are annihilated by
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electrons originating from the source (drain) contact (3). As
a result, net positive current will flow. The same process
will produce a negative current with the light near the source
electrode (right diagram), and its polarity will not change as

long as the electronic energy is lower near the contacts than

in the middle of the nanowire. To our knowledge, this
Schottky photocurrent (SPC) behavior, whose current-
generating mechanism is similar to that of the Schottky
photodiod€'’ has not been studied previously in nanowire
devicest®

Because the SPC and the electronic band profile are closely

related, we can easily deduce the properties of the SINW
electronic band using the behavior of the NW SPC. First, it
is clear from the universal presence of the SPC that the
electronic band in all of our NW devices is bent near metal
contacts. Second, the direction of the bending near the
contacts is in the same direction for intrinsic andoped

NWs because the polarity of the SPC is device-independent.

In particular, all of the SiINWs in our devices form an

accumulation layer at the Ni contacts near zero gate voltage.

The magnitude and the polarity of the SPC can be more
quantitatively expressed by a simple equation

ispc= leIN(P," — PDh) = —|eIN(Ps” — Psh) (1)
where N is the number rate of the electrehole pairs
generated by the light anélbsP™ is the probability that a
photoexcited electron (hole) is transported to the drain
(source) electrode. In our experimeNtwill vary depending

on the light intensity, the light polarization, and the volume
of the nanowire under illumination. Also important is the
skin depth of Si, which isv1 um, at the wavelength of the

laser. Based on our experimental conditions, we estimate the

maximum value for|e|N to be around 500 nA, which
indicates that the conversion efficiency from an absorbed
photon to SPC is as large as 10%. This is a large value
considering that we ignored the finite extent of the band-
bending region and the absorption loss by the metal electrode
A surface treatment such as an antireflection coating would
further increase the efficiency.

In Figure 3, we study the gate dependence of the SPC.

First, scanning SPC images taken at different gate voltages

show a clear polarity switching behavior (see Figure 3a).
The white spot (positive SPC) located near the drain at
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Figure 3. (a) A series of gray-scale (white corresponding to the
positive current) scanning SPC images«(2 um) taken at different
gate voltages. An AFM image of the device is shown on the left
for comparison. (b) The SPC vs gate voltage. The inset (taken at
the zero gate bias) shows the location of the laser spot for each
line plot. (c) The DC conductance measured witk= 10 mV in

the absence of light. The inset shows a semilogarithmic plot of the
main panel. This is used to determine the band-gap region, which
is represented by the shaded area in b and c—e\ ¢he gate axis

is corrected for the systematic gate shift caused by the previous
gate scans.

DC conductance measurement, we can determine a SiNW
electronic band parameter as described below. First, we
determine the efficiency of the gate potentiat |AE/eAVg|

(AE, the electron band energy change) from the slope of
the exponential DC conductance falloff in the subthreshold
gate region (inset, Figure 38)The DC conductance of the
NW is measured in the absence of light. Using the measured
gate voltages for the-type conductance shut-off-Q V,
arrow in Figure 3c) and the electronic band flattenind.b

V, arrow in Figure 3b) together withh = 0.037 and the Si
band gapE; = 1.12 eV, we determine the electron barrier
height,®y; — y (see the middle band diagram in Figure 3a),
at the Ni/SINW contact to be 0.57 eV. This is in good
agreement with a tabulated value of 0.61 eV for the Ni/Si
contact in bulk sampleXs.

Another intriguing observation in Figure 3a is the shrinking
distance between the two SPC spots with increasing gate

negative gate voltage vanishes in the middle image and thenPias. For example, the center-to-center distance is measured
reappears at large positive gate voltages as a black spogt <0.5um from the fourth image, which is significantly
(negative SPC). The same behavior is also clearly seen inshorter than that of the firstimage-{.5xm). This behavior

Figure 3b. The polarity switching of the SPC strongly

indicates that the bending direction of the electronic band
switches at large gate voltages as illustrated in the band
diagrams in the insets. In Figure 3b, we also note that polarity

contradicts the electrostatic potential calculations, which
predict that the band bending, if any, should be strongly
confined near the contacts independent of the gate volfage.
This unusual behavior is likely caused by the field screening

switching of both SPC spots occurs at approximately the because of various surface and impurity charges near the

same gate bias (marked by an arrow) and the magnitude ofcontacts. This effect has been cited frequently as a cause

the SPC changes almost linearly for a wide gate voltage rangefor several nonideal device characteristics, especially if the

(for example, from—10 to 10 V). The latter behavior devices are not suitably passivat&c? In addition, the

suggests that the magnitude of the SPC can be used as a-type DC conductance is completely missing in the device

local probe for the bending steepness of the electronic band.shown here (see Figure 3c), which is consistent with the
From the gate dependence of the SPC together with thebehavior explained above.
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Figure 4. Bias dependence of the SPC. (Middle column) Color-
scale scanning photocurrent imagesq3t um) for different bias
voltages. Red (blue) corresponds to the maximum (minimum)
current. (Left column) Cross-sectional photocurrent line plots along
the NW axis, each offset by 10 nA. (Right column) Electrostatic
potential deduced from the left column (offset for clarity).

Finally, we study the bias dependence of the SPC.
Surprisingly, we find that the SPC dominates the photoelec-
tric signal for many SiNW devices even when a large bias
is applied. Figure 4 shows the scanning photocurrent images
(middle column) measured at different bias voltages (from
0.2 Vto—0.2 V, top to bottom) for the same device as that
in Figure 2. The SPC spots are clearly visible with their
circular shape and the center position roughly the same at
all biases. However, the intensity of the positive (negative)
SPC spot becomes weaker at negative (positive) biases,
finally vanishing near-0.2 V (0.2 V). Also notable is the
fact that no significant photoinduced current is observed
when the light is focused on the middle of the NW. These
behaviors are most likely due to a large potential drop near
the contacts as well as a relatively flat band in the middle of
the SINW.

In fact, our scanning SPC measurement, especially its
polarity, can be used to probe the behavior of the local
electrostatic potential, especially its ups and downs. It is also
likely that the intensity of the SPC will be roughly
proportional to the local electric field (equivalently the
steepness of the potential) as discussed earlier. Therefore,
the spatial map of the electrostatic potential profile can be
captured qualitatively by integrating the SPC line scans
shown on the left side. The electrostatic potential profile
calculated this way is shown along the NW axis in the right
column. We can clearly see in which direction the potential
is bent and also where it becomes level.

In conclusion, we have measured the photoconductance
and photocurrent in individual SINW FETs using the
combined optical scanning microscope and transport mea-
surement setup. We observe a surprisingly strong photocur-
rent near the contacts, which originates from the electronic
band bending. The behavior of this photocurrent was
investigated at different gate and drain-source biases, reveal-

D

ing its potential application as a scanning probe for the
electronic band structure within the nanowire. This unique
photoelectric phenomenon could also be used to fabricate a
highly sensitive point photodetector, which could find
applications for high-resolution position sensors, a local
biosensor for optically active species, and advanced photo-
sensitive scanning probe tips.
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