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ABSTRACT: Photoconductors have extraordinarily high
gain in quantum efficiency, but the origin of the gain has
remained in dispute for decades. In this work, we employ
photo Hall effect to reveal the gain mechanisms by probing
the dynamics of photogenerated charge carriers in silicon
nanowire photoconductors. The results reveal that a large
number of photogenerated minority electrons are localized
in the surface depletion region and surface trap states. The
same number of excess hole counterparts is left in the
nanowire conduction channel, resulting in the fact that
excess holes outnumber the excess electrons in the
nanowire conduction channel by orders of magnitude.
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The accumulation of the excess holes broadens the conduction channel by narrowing down the depletion region, which

leads to the experimentally observed high photo gain.
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quantum efficiency (up to 10%). 7% 1t is commonly

believed that the high gain originates from the
circulation of photogenerated carriers in the circuit many
times before they recombine.” The theoretical foundation of
this gain mechanism was developed in 1950s.” It shows that the
gain G is equal to the minority carrier lifetime 7,, divided by the
transit time 7, that carriers take to transport from one electrode
to the other, that is, G = 7,,/7, or similar forms. However, the
experimentally measured gain is often reported to be
inconsistent with the theoretical prediction. For example,
Matsuo et al.® found in 1984 that the measured gain in GaAs
thin-film photoconductors is larger than the theoretical
prediction by 3—4 orders of magnitude. Due to this reason,
Zardas et al.” believe that the minority carrier lifetime is actually
longer because of the separation of electron—hole pairs by the
depletion region near the semiconductor surfaces. Konstantatos
et al.® simply replaced the short minority carrier lifetime with
the long trap lifetime to explain away the phenomena.
Unfortunately, the original theory does not support this
claim. Other researchers believe that the classical gain
mechanism is somewhat problematic, and they are actively

P hotoconductors are often reported to have high gain in
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searching for new gain mechanisms. In late 1990s, Munoz et
al”'® proposed with simulations that the photoconductance
gain comes from the photo modulation of the depletion region
width near the photoconductor surfaces. In 2005, Calarco et
al.'' observed the size-dependent photoconductivity in GaN
nanowires and proposed a surface electron—hole pair
recombination model to describe the unusual persistent
photocurrents in the nanowires. Several years later, Kim et
al.”? investigated the diameter-dependent photogain of Ge
nanowires and interpreted that the gain originates from the
surface photogating effects of trapped electrons at the nanowire
surfaces. In 2014, Furchi ef al.'® studied the photoconductivity
in atomically thin MoS, monolayers and found that both the
photovoltaic and photoconductive effects contribute to the
photogain. All these proposed gain models can explain most if
not all of the observed phenomena either quantitatively or
qualitatively. But the photoconductor devices remain more like
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Figure 1. (a) Optical microscopic image of a typical SINW photoconductor with Hall bar geometry. Inset: SEM image of the SINW. (b)
Schematic illustration of experimental setup and device structure. The device is biased between A and B electrodes, while the handling
substrate is floating. (c) Hall resistance as a function of magnetic field intensity in the dark. Inset: Current vs Electric field (E) for four- and
two-probe measurements. (d) Photoresponsivity and photogain vs light illumination intensity (the device is biased at 3 V). Inset: Transient
current as light illumination (19 mW/cm?) is periodically switched on/off (accordingly high/low in current biased at 1 V).

a black box. It is difficult to provide a definite answer unless
what is happening inside the photoconductor can be revealed.

In this work, we employed photo Hall effect to better
understand the dynamics of photogenerated charge carriers in
silicon nanowire photoconductors. The experimental data show
that the p-type nanowires are partially depleted in the dark due
to surface charges. The information on the depletion region
allows us to accurately estimate the doping concentration, hole
mobility, and excess hole concentration of the nanowire. Under
light illumination, a large number of photogenerated minority
electrons are localized in the surface depletion region and
surface trap states. The same number of excess hole
counterparts is accumulated in the nanowire conduction
channel, resulting in the fact that excess holes outnumber the
excess electrons in the nanowire conduction channel by orders
of magnitude. The accumulation of the excess holes broadens
the conduction channel width by narrowing down the depletion
region, which leads to the experimentally observed high photo
gain.

RESULTS AND DISCUSSION

The nanowires were fabricated by patterning the device layer of
a silicon-on-insulator (SOI) wafer with electron beam
lithography, reactive ion etch, and metal evaporation. The
device layer is p-type with a doping concentration of ~10'7
cm™>, The large contact silicon micropads were p-type doped at
high concentration (~5 X 10"¥cm™) to facilitate the formation
of ohmic contacts. The device layer started with a thickness of
220 nm but was thinned down to 210 nm after wet oxidation
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and cleaning process. The thickness of the SiO, insulating layer
is 2 um. As a result, any possible photo gating effect can be
neglected, although the handling substrate is electrically
floating. Figure la shows the optical microscopic image of
such a single silicon nanowire device. A close-up scanning
electron microscopic (SEM) image of the nanowire is shown in
the inset. The Hall bar geometry is all made of silicon, and
metal electrodes are only in contact with the Si micropads
(Figure 1b). Four probe and photo Hall effect measurements
were conducted in a physical property measurement system
(PPMS Evercool-II). The Hall resistance is linearly dependent
on the magnetic field intensity (Figure 1c). The two- and four-
probe measurements provide nearly identical linear current vs
electric field curves (inset of Figure 1c), indicating that the Si
pads are in ohmic contact with metal electrodes and the contact
resistances are negligibly small. Under light illumination (4 =
460 nm), the photoconductance of the nanowire quickly ramps
up and is then followed by a small decay (inset of Figure 1d).
The nanowire photoresponsivity is as high as 10° A/W at low
light intensity and decreases to 10* A/W at 20 mW/cm?
Accordingly, the gain in quantum efliciency of the nanowire
photoconductor ranges from 10° to 105 as shown in Figure 1d
(see SI Section 1 for calculations). Similar observations have
been widely reported in literature."*~'°

To find the origin of the high photo gain, we need to reveal
the dynamics of photogenerated charge carriers inside the
nanowire. Under light illumination, the concentration of excess
charge carriers can be derived from photoconductance as
expressed in eq 1:
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Figure 2. (a) Derivative of Hall resistance respective to magnetic field (dRy/dB), (b) nanowire resistance, (c) Ap — ”—”zAn and Ap +
"

light illumination intensity increases.
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Figure 3. (a) Current—voltage (I-V) curve for SiNWs from 81 to 776 nm in width. (b) Nanowire conductance as a function of wire width in

2
the dark. (c) Experimental data of Ap — M—’;An and Ap + %An for the SINW (~10"7 cm™3, 377 nm width) after the depletion region width is
IS "

taken into account. (d) Depletion region width modulated by light illumination. Inset: Sketch of conduction channel and depletion region in

the nanowire cross-section.

1 1
Ap+iAn= L x(———)
,up eﬂth R RO (1)

where 1, and 1, are the electron and hole mobility, An and Ap
are the excess electron and hole concentration, R, and R are the
nanowire resistance in the dark and under light illumination,
respectively, e is the unit charge, and W, L, and ¢t are the
nanowire physical width, length, and thickness, respectively.
The concentration of excess charge carriers can also be found
from photo Hall effect measurements which is governed by eq
2 (see SI Section 2 for the equation derivation):

2 2
W 5 dR,,/dB  dRy,/dB
Y R R?
Hy ety 0 ()
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where R, Ry, R, and Ry are the nanowire resistance and Hall
resistance in the dark and under light illumination, respectively.
The derivative of Hall resistance with respect to magnetic field
dRy/dB is the slope of the linear dotted line in Figure 1c. This
derivative at different light intensity is shown in Figure 2a. The
nanowire resistance R extracted from I-V curves was
experimentally monitored as the light intensity increases
(Figure 2b). The right side of both eqs 1 and 2 are the
experimentally measured data, and the left sides are inferred
parameters. These inferred parameters are plotted as a function
of light illumination intensity, shown in Figure 2¢ where the red
crosses are found from eq 1 and the black diamonds from eq 2.

The data points in Figure 2¢ exhibit a number of unexpected

characteristics. First, Ap — %An (black diamonds) is clearly
P
larger than Ap + %An (red crosses), although mathematically
P
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the former must always be smaller than the latter. Second, for
the case of an intrinsic semiconductor, we expect that the term

2
H L. L
Ap — ﬂ—“zAn would be negative since electrons in silicon have a
)4
mobility ~3 times larger than holes,” like what we observed in a

surface passivated bulk silicon photoconductor (see SI Section

2
3). However, we find a positive Ap — %An, which implies that
P
Ap is at least 9 times higher than An, although the electrons
and holes are excited in pairs. These unexpected observations
lead us to conclude that some factor was neglected in the
calculations, causing a systematic error in the estimation of
excess charge carrier concentration.

We believe that the neglected factor might be the depletion
region near the nanowire surfaces due to surface charges. The
existence of depletion region will lead to an overestimation of
the actual width and thickness of the nanowire conduction
channel when the nanowire physical dimensions are used for

2

. H
calculation. As a consequence, the terms Ap — 5An and

HP

Ap + %An in Figure 2c will be over or underestimated to
P

different extents, resulting in those unexpected observations. To
verify the existence of the depletion region in the nanowire, we
measured the dark current—voltage (I-V) characteristics (also
see SI Section 4 for photocurrent characteristics) for an array of
silicon nanowires fabricated on the same chip ranging from ~81
nm to ~776 nm. The I-V characteristics are all linear except
for the 81 nm wide nanowire (inset of Figure 3a). When the
nanowire conductance in the dark is plotted against the
nanowire width, we find that the nanowire conductance linearly
decreases as the nanowire narrows down, except for the 81 nm
wide nanowire which clearly deviates from this trend. This
means that the 81 nm nanowire is somehow substantially
different from the other wires, although all the wires went
through exactly the same processes. The data points excluding
the 81 nm wire can be fitted into a linear dashed line. The
intercept of the line at x-coordinate is 172 + 34 nm (Figure
3b). This means that a nanowire narrower than 172 + 34 nm
will be fully depleted. Since the depletion region exists at both
side surfaces of the nanowire, the actual depletion region near
the nanowire surfaces will be approximately 86 + 17 nm wide.
Note that the nanowires are patterned out of the device layer of
an SOI wafer. SOI wafers have a high-quality Si—SiO, interface
on which the concentration of static charges is normally small.
It is fair to assume that no depletion region exists near this
interface. Based on this assumption, the actual thickness of the
channel will be ~124 nm (= 210 — 86), after deducting the
depletion region width near the top nanowire surface.

A 377 nm-wide nanowire that has a total depletion region of
172 nm will result in an overestimation as much as 75% in
channel width and height. This leads to a significant error in the
estimation of doping concentration, carrier mobility, and the
concentration of photogenenerated majority charge carriers, as
shown in Table 1 (see SI Section 2 for the calculation
equations).

After we replace the nanowire physical width with the
effective channel width and update other parameters in eqs 1

2
and 2, the two terms Ap — %An and Ap + %An are nearly
P r

identical at all light intensities as shown in Figure 3c. For highly
doped silicon nanowires (~10'® cm™), the depletion region is
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Table 1. Measured Parameters before and after the

Depletion Region Is Taken into Account

effective channel width
(W.g = 205 nm)
1.06 X 107 cm™
240 cm?/(V s)
1.35 X 10" cm™

hysical width

W = 377 nm)
6.3 x 10" cm™
130 cm?/(V s)
1.9 X 10" ¢cm™

doping concentration p,
hole mobility 4,

excess hole concentration Ap
at 20 mW/cm?

much smaller. The actual channel width is approximately equal

to the nanowire physical width. The measured Ap — %An and
P

Ap + %An are almost identical without taking into account the
r
depletion region width (see SI Section S for the experimental

data).
2
The fact that the two terms Ap — %An and Ap + %An are
P P

nearly identical means that the concentration (more accurately
the total number) of excess holes in the conduction channel is
orders of magnitude higher than that of the excess electrons,
although excess electrons and holes are generated in pairs by
light illumination. The accumulation of excess holes and the
deficit of excess electrons in the channel are caused by the
localization of excess electrons at surface states and within
surface depletion region. Indeed, after the nanowire devices are
surface passivated by molecular monolayers, the photoresponse
is significantly reduced (also see our recent publication),'”
resulting in a much smaller gain or even no gain at all, although
the minority carrier lifetime becomes longer (higher excess
minority concentration).'® The reduced photoresponse leads to
no detectable photo Hall signals in experiments (data not
shown here). The further validation of the role of surface states
and fixed charges by simulations will be presented later.

The physical separation of photogenerated electrons (near
surfaces) and holes (in the channel) will induce an electric field
perpendicular to the nanowire channel, resulting in the photo
modulation of the actual channel width. As shown in Figure 3d,
the depletion region width narrows down from 86 to 76 nm
(actual channel width expands from 205 to 225 nm) as the light
intensity increases to 10 mW/cm? Although the channel width
expands by only ~20 nm, a large number of fixed dopant ions
(20 nm X 1.07 X 10'7 cm™ X 124 nm) in the depletion region
are neutralized by the excess holes accumulated in the channel.
Our experimental data show that the excess hole concentration
drops by at least 1 order of magnitude to reach a value lower
than 10'° cm™ after the channel expands (see ST Section 6). In
short, the photo gain is caused by the accumulation of
photogenerated majority carriers in the nanowire conduction
channel that are orders of magnitude higher in number than the
excess minority carriers. Most of the accumulated excess
carriers move to neutralize the dopant ions in the depletion
region, as a result of which the depletion region narrows down
and the channel width expands. The remaining small fraction of
the excess majority charge carriers leads to only a moderate
increase in majority carrier concentration. This picture is
consistent with the previous simulation results.”

Given that the p-type Si nanowire has a doping
concentration of 1.06 X 10" cm™ and a surface depletion
layer 86 nm wide, we conclude that the nanowire surfaces have
positive charges with a concentration of 8.9 X 10'" cm™ by
using the Silvaco Atlas Simulator. The surface charges will bend
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Figure 4. (a) Energy band diagram with net surface charges of 8.9 X 10" cm™ (b) Depletion region width and (c) photoresponsivity as a
function of light illumination intensity. Inset in panel c: Density of surface states in the silicon bandgap in which the red profile is the
acceptor-type states in the upper half bandgap and the blue profile is the donor-type states in the lower half bandgap. The fixed charges (9.0 X

10" cm™) are uniformly distributed.

down the energy band by ~0.6 eV from the nanowire bulk to
surfaces (Figure 4a). The surface charges may originate from
fixed charges (for example, Na* or H ionic charges). However,
we found that the nanowire photoresponse with the presence of
only fixed charges on surfaces is much smaller than our
experimental data (see SI Section 7 for more discussions). In
the following simulations, we added surface states in addition to
fixed charges. Let us suppose that surface states have a
distribution profile in silicon bandgap as shown in the inset of
Figure 4c, which is typical for Si—SiO, interface.'” The net
surface charges can still remain the same as 8.9 X 10" cm™ if
we properly choose the density of fixed charges and surface
states. In this case, the calculated channel width modulation
and photoresponsivity can fit well with the experimental data
(Figure 4b,c). It is worth pointing out that surface states can
efficiently capture a large number of photoexcited minority
charge carriers under the condition that majority charge carriers
near surfaces are depleted by energy band bending. Otherwise,
excess electrons in the surface states will effectively recombine
with the majority holes, turning the surface states into efficient
recombination centers instead of trap states.

To further validate the role of surface states in the photo
gain, we also measured the frequency dependence of the
nanowire photoresponse under the illumination of chopped
light (20 mW/cm?). As shown in Figure S, the 3 dB bandwidth
of our 377 nm-wide nanowire photoconductor is only ~50 Hz
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Figure S. Frequency response of the nanowire photoconductor
under periodic light excitation. The SiNW is 377 nm wide and the
p-type doping concentration is 1.07 X 10'7 cm™>. Experimental and
simulation data are plotted in black dots and red line, respectively.
The modulated light illumination intensity is 19 mW/ cm?
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due to the long emission lifetime of surface trap states, which is
often reported in literature.'”'**>*" The simulated frequency-
dependent photoresponsivity (red line in Figure S) for the
nanowire with the specified surface state density (inset in
Figure 4c) and fixed charges can largely fit the experimental
results (black dots). The inconsistency mainly originates from
the fact that we can only assign a single value of capture cross-
section to all surface states due to the limitation of the Silvaco
software (but surface states at different energy levels have
different capture cross sections). In contrast, if there are no
surface states but only fixed charges on the nanowire surfaces,
the photoresponsivity at low frequencies is about 1 order of
magnitude lower and the 3 dB bandwidth will be as wide as
hundreds of kHz (see SI Section 7 for the frequency response).
Interestingly, the results indicate that a high-gain and wide-
bandwidth photoconductor can be made if the nanowires are
well surface-passivated but depleted by fixed charges on the
surfaces (by metal gate, for example).”” Surface states can
further increase the gain of nanoscale photoconductors but
significantly reduce the 3 dB bandwidth to tens of hertz or even
lower. Note that the existence of surface states in the bandgap
of silicon can extend the sensitive spectral response of the
nanowire photoconductor beyond the absorption edge of
silicon (see SI Section 8 for the spectral response). The surface-
states-induced high gain Si nanoscale photoconductors may
find important applications in infrared photo detection when
high speed is not required.

CONCLUSIONS

In conclusion, photo Hall effect measurements in this work
were employed to investigate the dynamics of photogenerated
excess carriers in silicon nanowires. The results show that the
nanowires are partially depleted due to surface states and
surface fixed charges. The depletion region width is
quantitatively measured, which allows us to find the correct
value of carrier mobility, doping concentration, and excess
carrier concentration. The data further indicate that a large
number of photogenerated minority carriers are localized by the
surface depletion region and surface states. The same number
of excess majority counterparts is left in the nanowire
conduction channel, contributing to the widely observed
photo gain. This work helps resolve the dispute on the origin
of high photo gain in nanoscale photoconductors and may
guide researchers to design high-performance photoconductors.
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METHODS

The SOI device layer is doped with boron dopants by ion
implantation. Electron beam lithography and reactive ion etch (RIE)
process followed by Al thermal evaporation were then employed to
define the Al etching mask for the nanowire Hall bar geometry with
contact micropads. To obtain ohmic contacts, we highly doped (5 X
10" cm™®) the Si micropads. Photolithography and thermal
evaporation of Al (270 nm thick) were performed to make electrical
contacts to the silicon micropads of the devices. The SiNWs with a low
doping concentration were treated with oxygen plasma to tune the
surface quality. After photo Hall effect measurements, we used SEM to
measure the physical width of the SiNWs before and after SiO, on the
SiNW surfaces was removed by HF.

The photo Hall effect experiments were conducted in a physical
property measurement system (PPMS, Quantum Design Inc.) in
which we installed an LED with the central peak wavelength at 460 nm
and the full width at half-maximum (fwhm) of ~20 nm. The frequency
and illumination intensity is controlled by external electronic circuits.
The LED bandwidth and light intensity was verified by a commercial
silicon PIN photodiode (LSSPD-0.5) with a 3 dB bandwidth of 1
GHz. The results show that the LED can operate properly in a
frequency range from 0 to 10 kHz (see data in SI Section 9).
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