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The gain of nanoscale photoconductors is closely correlated with surface trap states. Mapping out the

density of surface trap states in the semiconductor bandgap is crucial for engineering the performance of

nanoscale photoconductors. Traditional capacitive techniques for the measurement of surface trap states
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Ultra-scaled one or two dimensional nanostructures may find
many important applications in, for instance, flexible elec-
tronics' and biophotonics.> The drawback of nanoscale
devices for photo-detection is their weak light absorption due
to their ultra-scaled volume,** which reduces the photosensi-
tivity and signal-to-noise ratio of the devices. High gain is
required for high-performance nanoscale photodetectors.
Nanosized photoconductors are reported to have extraordi-
narily high gain (up to 8 orders of magnitude) and have been
extensively investigated in the past decade.**° The origin of
the high gain is still in dispute but is commonly believed to be
correlated with surface trap states.”®'' Mapping out the
density and distribution of surface trap states in the semi-
conductor bandgap'? is critical for engineering the device per-
formance. However, traditional capacitive techniques for
probing the density of surface trap states are not readily appli-
cable to the ultra-scaled nanodevices due to the ubiquitous
parasitic capacitances.”® In this work, we demonstrate a
simple but powerful method to uncover the information on
the nanowire surface trap states hidden in the transient
photoconductance.

Previously we reported that the trap states can be found
from the sophisticated frequency dependence of the nanowire
photoconductivity.'"" Here, we show a method for extracting
the density of trap states in single nanowires from transient
photoconductance. The concept is briefly illustrated in Fig. 1.
Under small injection conditions, electron-hole pairs (An and
Ap) will be excited in a highly doped p-type semiconductor,
lifting up the electron quasi Fermi level while leaving the hole
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are not readily applicable to nanoscale devices. Here, we demonstrate a simple technique to extract the
information on the density of surface trap states hidden in the transient photoconductance that is widely
observed. With this method, we found that the density of surface trap states of a single silicon nanowire is
~10'? cm™2 eV~! around the middle of the upper half bandgap.
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Fig. 1 (a) Generation—-recombination (G—R) process from band to band
and capture—emission (C—E) process of surface trap states for semi-
conductors under light illumination. The electron quasi-Fermi level
shifts up, allowing for trap states below to be filled up with electrons.
The same number of photogenerated holes is left in the valence band
for photoconductance. (b) The transient conductance of semi-
conductors under light illumination. The capture—emission process of
surface trap states results in the exponential rise and fall of
photoconductance.

quasi Fermi level nearly intact. The surface states below the
electron quasi Fermi level will be filled with photogenerated
electrons (Any), following the Fermi-Dirac distribution. For
lightly doped or intrinsic semiconductors, both the electron
and hole quasi Fermi levels will shift, allowing photogenerated
electrons and holes to be trapped simultaneously. This is a
very complicated scenario and will be subjected to further
investigation in the future.

The information on the density of surface trap states can be
found by differentiating the captured electron concentration
An, with respect to the quasi Fermi level shift that is deter-
mined by the generation of excess carriers An and Ap. Fortu-
nately, An, and the quasi Fermi level can be retrieved
separately from the transient photoconductance, since the
electron capture by surface states and excess carrier generation
in the energy bands, although both contribute to the photo-
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conductance directly or indirectly, are two distinct processes in
the time domain. More specifically, the generation of excess
carriers An and Ap is almost immediate upon illumination,
while the capture of photogenerated electrons by surface trap
states is a slow process that is determined by the capture rate
¢y (Fig. 1a). In the time domain, the photoconductance will
first immediately jump up and then follow a slow rising
process with an exponential characteristic, as shown in the
period from —7/2 to 0 in Fig. 1b. When the light illumination
is cut off, the photoconductance drops suddenly and is then
followed by a slow exponential decay. This is because the
band-to-band recombination is fast while the trapped elec-
trons emitting back to the conduction band is a slow process.

Based on the analysis above, it is not difficult to write an
analytical expression that describes the transient photo-
conductance as follows:

T u T
64 + oph + 0¢ — oL €Xp 7;+T— exp(—t/7c) 7E<t§0
c c

o(t) =
0d + o¢ exp (Tl) exp(—t/ze) 0<t< ;
(1)

where 64 is the dark conductance, op,), the photoconductance
coming from An and Ap in equilibrium, and o, the trap state
induced photoconductance contributed by Ap’ that is the
excess holes left in the valence band after the same number of
electrons An, are trapped by the surface trap states. T is the
chopping period and w = 2x/T. 7. and 7. are the capture and
emission time constants, respectively. ¥ and v are the con-
stants set to ensure that this equation is continuous with
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Fig. 2 (a) Optical microscope image of a silicon nanowire in contact with
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By fitting eqn (1) into experimental data, we could retrieve
all the unknown parameters including opn and o, from which
the electron quasi Fermi level and the number of trapped elec-
trons can also be found for deriving the density of surface trap
states. To do so, we isolated single silicon nanowires that were
in contact with four microelectrodes (180 nm-thick Al on top
of 20 nm-thick Co) on the n'-Si/SiO, substrate (300 nm thick
SiO,) by photolithography and thermal evaporation, as shown
in Fig. 2a. The nanowires were synthesized by the Au-catalyzed
vapor-liquid-solid (VLS) method, the details of which can be
found in our previous publication."® The crystal structure of
the nanowires was examined using a transmission electron
microscope (TEM, Fig. 2b), which showed that the nanowire is
single crystalline while the surface is covered with amorphous
native oxide (SiO,). The single crystalline structure makes us
believe that the density of trap states extracted from the experi-
mental results below mostly accounted for the trap states on
nanowire surfaces.

After the metal contacts were thermally annealed in
forming gas at 260 °C for 15 min, the nanowire devices typi-
cally show a linear current vs. voltage (I-V) curve (Fig. 2c,
recorded using a computer-controlled Keithley sourcemeter
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four microelectrodes. (b) TEM image showing that the SiNW is single crys-

talline while the surface is covered with amorphous native oxide (SiO,). (c) Current vs. voltage (/-V) curve for a nanowire with or without light illumi-
nation. (d) Transfer characteristics for a SINW FET with a source—drain bias of V4 = 0.02 V. Back gate voltage Vi, is applied to the substrate.
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2400) and is responsive to light illumination. The linear IV
characteristics indicate that the contacts between the nanowire
and contact electrodes are ohmic. The extracted contact resist-
ances are negligibly small compared to the nanowire resist-
ance. To find the charge carrier mobility in the nanowire, we
investigated the transfer characteristics using the highly doped
substrate as the back gate. The transconductance exhibits a
large hysteresis loop (Fig. 2d) due to the trap states in the
nanowires. The size of the loop depends on the range of
sweeping gate voltage (see Fig. S1 in the ESIf). Although the
hysteresis loop has been used to estimate the trap states in the
thin film devices,"” the method would be inaccurate when
applied to the nanowire on the Si/SiO, substrate since the
band bending on the cylindrical nanowire surfaces is uneven.
When the device is turned on, the transconductance oy is line-
arly dependent on the gate voltage Vi, on both sides of the
loop. By averaging the slope of both sides, the hole mobility
can be estimated to be 29.6 cm® V' 57! from the expression
Hp = (doag/dVig) x (L?/C),'® where L is the nanowire device
length (7.1 pm) and C is the capacitance between the nanowire
device and the n'-Si substrate. The capacitance C is given by
C =~ 2meeoL/In(2h/r) using the cylinder-on-plate model,'® where
¢ is the SiO, relative dielectric constant (3.9), & the thickness
of the silicon oxide layer (= 300 nm), and r the SiNW radius
(26.5 nm, examined by the scanning electron microscope
(SEM) image in ESI Fig. S27). Given the hole mobility, we
found that the boron doping concentration in the nanowire is
2.48 x 10"® em™ from the conductivity given by four probe
measurements (see eqn (S1) in the ESI¥).

As shown in Fig. 2c, the nanowire devices are responsive to
the illumination of a diode-pumped solid-state (DPSS) laser
(4 = 532 nm, CNI Lasers) that is coupled to the nanowire
through an optical fiber. The diagram of the experimental
setup is shown in ESI Fig. S3.7 When the light illumination is
switched ON/OFF periodically, the nanowire photoconduc-
tance follows a pattern similar to the theoretical curve in
Fig. 1b, as shown in Fig. 3a. We choose one period of the tran-
sient photoconductance and shift it in the time domain to
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Fig. 3 (a) Transient conductance when the light illumination is switched
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ensure that the curve is centered at ¢ = 0 (Fig. 3b). The fittings
indicate that the transient photoconductance follows the func-
tion below:

T
3.95x 1077 — 2.3 x 107 1e /52 _Z <<

olt) = -7 —8,—t/14.2 ? T )
3.69 x107" +1.0 x 10" °e : 0<t§5

It is not hard to find that 6, = 16 nS, 6, = 10 nS, 7. = 5.2 s
and 7. = 14.2 s by comparing eqn (2) with eqn (1). The noise is
relatively large from one cycle to another (Fig. 3a) since the
experiments are performed in an ambient environment. To
reduce the noise, we repeat the fitting up to 9 periods of
experimental data and statistically find that o, = 15.8 + 0.4 nS,
6¢ = 9.7 = 0.9 nS under illumination of the light intensity of
28 W cm™2. Note that in our experiments, the light is coupled
from a solid-state laser to a fiber that guides the light to illumi-
nate the device. The light intensity is our rough estimate and
is only accurate in relative terms. Although inaccurate in absol-
ute terms, it does not affect the accuracy for finding the
density of nanowire surface trap states as shown later.

We linearly tuned the light intensity and repeated the fit-
tings for all cycles in the same way as described above. The
detailed results can be found in ESI Fig. S4-S14.7 From oy, we
find An and Ap(= An) following the equation below:

A
Oph = (e/"nAn + e/"pAp) fc (3)

where e, piy, pip, Ac and L are the unit charge, electron and hole
mobility, nanowire cross-section area and length, respectively.
Given the low-field hole mobility of 29.6 cm® V™' s, the elec-
tron mobility can be roughly estimated to be ~90 cm”> V™' 57,
From eqn (3), we find An and then the electron quasi Fermi
level (Fig. 4a) for the silicon nanowire device under investi-
gation, which is 53 nm in diameter (Fig. S2 in the ESI{) and
7.1 pm long between the two inner-electrodes. The photo-
conductance is approximately linear with the light intensity,
indicating that the small injection condition is always main-
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ON/OFF periodically. (b) Experimental data fitting for one period.
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Fig. 4 (a) Photoconductance and electron quasi-Fermi level shift as a function of light intensity. (b) Trap-induced photoconductance as a function
of light intensity. (c) Surface concentration of electrons captured by the trap states below the quasi-Fermi level. The red line is given to guide the

eye. (d) Density of surface trap states calculated from the data in (c).

tained. It is known that the electron quasi Fermi level E¢" is
logarithmically dependent on the photogenerated excess elec-
trons An in the conduction band. It is therefore not surprising
that E¢" follows a logarithmic function of light intensity
(Fig. 4a). The photoconductance o, induced by the surface trap
states is plotted in Fig. 4b. Since the small injection condition
is always maintained, only electrons are involved in the trap-
ping process. The hole counterpart remaining in the valence
band contributes to the photoconductance oy, that is:

A
or = eyPAp’fC (4)

From the above equation, we found the concentration of holes
Ap' in the valence band after the same amount of electrons
were captured by the surface trap states.

Fig. 4c shows the correlation of the trapped electron surface
concentration with the location of the electron quasi Fermi
level. The trapped electron concentration rapidly increases as
the quasi Fermi level moves up, indicating more states were
filled with electrons. This is consistent with the physics
picture described at the beginning of this Letter. We found the
density of surface trap states by simply differentiating the
surface concentration of trapped electrons with respect to the
quasi Fermi level, as shown in Fig. 4d. The trend of the trap
state density is in line with what we previously obtained in a
different approach.'™'* Unfortunately, the density obtained
here is located in a relatively narrow range near the middle of
the upper half bandgap. The higher end of the range is capped
by the maximum light intensity illuminated on the nanowire.
A higher laser power and better laser-to-fiber coupling
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efficiency will increase the light intensity, shifting the electron
quasi Fermi level closer to the conduction band. The lower end
is limited by the relatively noisy low-frequency signals. Since the
flicker noise rapidly decreases at high frequencies, the noise
will be lower for devices with short capture and emission time
constants. In this case the Fermi level can be potentially
extended closer to the middle bandgap, allowing this tech-
nique to probe trap states in a wide range of distributions. The
capture of photogenerated charge carriers by surface trap
states will inevitably change the net surface charges and
induce energy band bending, acting like a gate for the nano-
wire device. This gating effect is widely employed to explain
the  photoconductance gain in nanoscale photo-
conductors.””*® However, the gating effect is not an indepen-
dent effect. It is instead strongly dependent on the density of
surface trap states and other surface properties such as initial
net surface charges. The transient behavior (rise and fall
times) induced by the gating effect is essentially determined
by capture and emission lifetimes of trap states. It is more
appropriate to incorporate the gating effect into our model pre-
sented in this article. The density of surface trap states
extracted from the transient photoconductance includes the
gating effect if it exists.

In conclusion, we demonstrated a simple but powerful
method to uncover the density of surface trap states hidden in
the transient photoconductance. In terms of accuracy, the
method outperforms the traditional capacitance-voltage (CV)
method, although the data presented in this Letter is relatively
noisy, which is likely due to the nature of the low-frequency
signals involved. The performance of nanoscale photo-

This journal is © The Royal Society of Chemistry 2016
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conductors is directly correlated with the density of surface
trap states. This work opens up a new route for designing
photoconductors by engineering the device surfaces.
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