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ABSTRACT: Surface nanostructures of silicon nanomembranes (SiNMs) play a dominant role in modulating their
energy band structures and trapping surface charges, thus
strongly aﬀecting the Schottky barrier height, the surface
resistance, and the optoelectronic response of Schottkycontacted SiNMs. Here, controllable nanoroughening of
SiNMs without substantial changes in thickness was realized
via a metal-masked chemical-etching approach. The mechanism of surface roughness eﬀect on the electrical characteristics and contact properties of SiNM-based diodes and thinﬁlm transistors was investigated. Meanwhile, photodetective devices were fabricated by utilizing rough SiNMs, and signiﬁcant
dark current suppressions were demonstrated due to surface depletion and Schottky barrier modulations. Moreover, by
introducing a three-terminal device structure (adding a gate), the photoresponse could be further enhanced with high current
on/oﬀ ratio. Our work may provide guidance for creating and designing principles of SiNM-based optoelectronic devices,
especially for Schottky barrier modulations.
KEYWORDS: silicon nanomembrane, surface nanoroughening, Schottky barrier modulation, dark current suppression,
current on/oﬀ ratio
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INTRODUCTION
Silicon nanomembranes (SiNM) are widely exploited as the
functional materials for emerging ﬂexible/stretchable electronic
devices,1−4 optoelectronic devices,5 biomedical electronic
devices,6−8 and many others because of their superior and
stable electronic/optoelectronic properties9−11 and intrinsic
compatibility with current complementary metal-oxide−semiconductor process. Unlike in the bulk counterpart, i.e., Si
wafer, ﬁnite number of atoms in a SiNM contributes to its
energy band structure. Therefore, appropriate designs of
surface morphologies or conditions of SiNMs exhibit great
capabilities in modulating their physical properties, including
electrical conductance,12,13 light absorbance,14−16 and photoelectric interactions,17,18 which can be further utilized for
creating high-performance SiNM-based electronic/optoelectronic devices. For example, the sheet resistance of an ultrathin
SiNM with a top SiO2 passivation layer was demonstrated to
be much higher than that of a pure one, which could be
attributed to the trapping eﬀect on charges of interface states
existing in SiNM/SiO2.19 By paving a uniform dense layer of
polymer microspheres on the top, the incident light can be
scattered and trapped into SiNMs,8,9,20 thus oﬀering an
enhanced current on/oﬀ ratio.
© 2018 American Chemical Society

Rough surfaces are always considered as unwanted
morphologies in materials and should be avoided. However,
as a simple and convenient surface engineering method, surface
roughening is recently utilized to modify the physical
properties of SiNMs, including thermal conductivity,21
optoelectronic response,22 and density of states.12 Pennelli et
al. pointed out that thermal conductivity in rough SiNMs (260
nm) will reduce due to the diﬀusive scattering on the
nanostructure walls.23 Feng et al. found a persistent photoconductivity (PPC) phenomenon in rough SiNM (27 nm),
which was attributed to activated holes in rough surface by
external light illumination.22 Chen et al. demonstrated that
even small surface roughness in SiNMs played immense roles
in modifying the density of states by smearing their nominally
steplike features.12 Although surface nanoroughening in SiNMs
was demonstrated to have the ability of modifying their
physical properties, investigations of its eﬀect on electrical
conductivity, electrical contact property, and functional
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Figure 1. (a) Schematic diagram of the process ﬂow for SiNM surface nanoroughening with an ultrathin Cr mask. (b) A cross-sectional TEM
image of the utilized SOI. (c) The HRTEM image of SiNM and the inset is selected area electron diﬀraction image of single-crystalline SiNM. (d,
e) Atomic force microscopy (AFM) images of the initial smooth SiNM (nanoroughening time, 0 s) and the obtained rough SiNM
(nanoroughening time, 15 s), respectively. (f) Line-cutting curves corresponding to selected dotted lines as shown in (d) and (e). (g) Statistic
experimental results of the SiNM thickness and roughness value varying with the nanoroughening time.

surface nanoroughening of SiNMs was realized by immersing
the sample into 10% KOH solution at 60 °C (step iii). Because
the thickness of the deposited Cr layer is only 10 nm, KOH
solution could penetrate this ultrathin Cr through pin-holes
and slightly etch the underlying SiNM surface.26 Eventually,
nanoscale nanoroughening of SiNMs was obtained, where the
roughness value can be well controlled by tuning the etching
time. After that, the SiNMs were patterned into isolated islands
by reactive ion etching (RIE), in which the Cr layer acted as
the mask. Before functionalizing rough SiNMs into optoelectronic devices, the Cr mask layer was removed by ceric
ammonium nitrate (Ce(NH4)2(NO3)6) (step iv). Subsequently, Cr/Au electrodes were formed by the e-beam
evaporation, photolithography, and lift-oﬀ.
Surface morphologies of rough SiNMs with diﬀerent
immersing times of 0 and 15 s in KOH were evaluated by
atomic force microscopy (AFM), as shown in Figure 1d,e. One
can ﬁnd that SiNMs treated with KOH have much rougher
surface compared with that without the KOH treatment
(named as smooth SiNM), which is also demonstrated by the
line-cutting proﬁle of the AFM result, as shown in Figure 1f.
The AFM results of other rough SiNMs (immersing time: 5
and 10 s) can be found in Figure S1. To explore the
relationship between the roughness value of SiNMs and the
nanoroughening time (i.e., immersing time in KOH), the rootmean-squared values versus diﬀerent nanoroughening times
were extracted from the AFM results, as plotted in Figure 1g
(blue squares). As the nanoroughening time increases, the
roughness value of the SiNMs increases as well. To be speciﬁc,
the roughness value is below 0.4 nm for the initial smooth
SiNMs, but reaches ∼1.2 nm for that with 15 s immersion in
KOH. Guided by the results shown in Figure 1g, the roughness
value of SiNMs can be well controlled within the nanoscale by
tuning the nanoroughening time.

electronic/optoelectronic device’s performances are raw and
still needed to be conducted.
In this article, we report fabrications and characterizations of
surface nanoroughened SiNMs to study their electrical
conductivities and electrical contact properties, as well as the
surface nanoroughening eﬀect on their functional electronic/
optoelectronic device’s performances. The nanoroughening of
SiNMs was achieved by a metal-masked chemical etching
method,24,25 where the roughness value can be well controlled
within the nanoscale. After functionalizing these rough SiNMs
into metal−semiconductor−metal photodetectors, controllable
dark current (i.e., Ioff) suppressions passing through the rough
SiNM channels were realized by modulating the Schottky
barrier between rough SiNMs and metal contacts, as well as
surface depletion. With the suppressed dark current, the Ion/Ioff
ratio of rough SiNM-based photodetectors can be signiﬁcantly
enhanced to reach ∼7 × 103. Moreover, by introducing a
three-terminal device structure (phototransistor with a back
gate), this enhancement can further attain ∼1 × 104, and the
PPC eﬀect in rough SiNMs was completely eliminated with a
back gate bias.

■

RESULTS AND DISCUSSION
Surface nanoroughening of SiNMs was started with a clean ptype Si-on-insulator (SOI) wafer, as illustrated in Figure 1a
(step i). Thicknesses of the top SiNM and buried oxide layer
are 50 nm and 120 nm, respectively, which were determined by
the transmission electron microscopy (TEM) image, as shown
in Figure 1b. The excellent crystallinity of SiNM has been
depicted in Figure 1c by high-resolution TEM (HRTEM) and
a complete set of selected area diﬀraction pattern (inset). An
ultrathin chromium (Cr) layer with a thickness of 10 nm was
deposited on SiNMs by e-beam evaporation (step ii), which
was utilized as the etching mask for the following steps. Then,
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Figure 2. (a) Schematic diagram of rough SiNM-based photodetector array and an optical microscopy image of a typical rough SiNM-based
photodetector. (b) Dark currents passing through SiNMs with diﬀerent surface roughness values. All the results at the positive bias range were
ﬁtted with an exponential function. (c) The statistic results of dark current and Schottky barrier heights varying with the roughness value. (d)
Schematic diagrams of energy band structures for metal/smooth SiNM and metal/rough SiNM contacts.

SiNMs and metal contacts, identiﬁed by the roughness value,
were calculated. According to the thermionic-emission
theory,29 the relationship between the current and the applied
bias voltage could be written as
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Because the thickness of SiNMs plays a dominant role in
their electrical transport and optoelectronic properties,27 the
capability of making rough SiNMs in nanoscale without
signiﬁcant changes in their thickness is critical for analyzing
device performances. Encapsulated by the ultrathin Cr mask
layer in proposed nanoroughening method, the SiNMs can be
only slightly etched by the penetrated KOH through the pinhole path existing in the ultrathin Cr layer. Therefore, the
thickness of the obtained rough SiNMs should not have
distinct changes compared with their initial value. As shown in
Figure 1g (black squares), the remaining thickness of rough
SiNMs with maximum nanoroughening time (15 s in this
work) is still larger than 46 nm, which is comparable with their
initial value (50 nm). As a result, the thickness changes of
SiNMs during the nanoroughening process were neglected.
Previous studies demonstrated that surface conditions or
modulations of an ultrathin SiNM are critical to its energy
band structures,28,29 thus further aﬀecting its electrical
transport properties. Here, the current−voltage (I−V)
characteristics of rough SiNMs under dark condition were
measured by a semiconductor parameter analyzer (Keithley
4200). Figure 2a shows the schematic diagram (left) and
optical microscopy image (right) of rough SiNM-based
devices. Dark currents passing through rough SiNM-based
channels with diﬀerent roughness values were systematically
analyzed, as shown in Figure 2b. The linear coordinate of I−V
curve is shown in Figure S2, which reveals apparent nonlinear
I−V characteristics measured from rough SiNM-based devices.
It is noted that with increased roughness, the conductivity of
SiNMs is distinctly decreased. Speciﬁcally, the dark current of
SiNM with a roughness value of 0.33 nm (smooth SiNM) is
about 2 × 10−9 A when the bias voltage is 1 V and reduces to
be about 1 × 10−10 A for the rough SiNM (roughness: 1.26
nm). More detailed results of the dark current varying with the
roughness value of SiNMs can be found in Figure 2c (blue
squares and dotted exponential ﬁtting).
To investigate the reason for dark current suppressions in
rough SiNMs, the Schottky barrier heights of various rough

where T is the absolute temperature, S is the cross-sectional
area of rough SiNMs, ΦB is the Schottky barrier height at zero
bias, A* is the eﬀective Richardson constant, q is the electronic
charge, and kB is the Boltzmann constant. Combining eq 1 and
the ﬁtted results of dark current curves (shown in Figure 2b),
the Schottky barrier between SiNMs and the metal (here, Cr/
Au) is calculated.30 The detailed calculation method can be
found in the Supporting Information. For the Schottky barrier
of smooth SiNM-based contacts, the average value is calculated
as about 0.46 eV, which is approximately same as the previous
literature value (0.40 eV).31 For rough SiNM-based contacts,
however, the obtained Schottky barrier becomes larger,
reaching an average value of about 0.60 eV when the
roughness is 1.26 nm. Moreover, a positive correlation between
the Schottky barrier and the roughness value of SiNMs was
observed, as demonstrated in Figure 2c.
It is known that surface nanoroughening of an ultrathin
nanomembrane will induce a large number of surface defects.32
These surface defects can serve as the charge-trapping states,
resulting in surface charge localization and depletion. Therefore, the resistance will increase and the carrier mobility will
become lower at the top surface.30 Aﬀected by these factors,
the surface Fermi energy will move away from the valence
band edges,30,33 resulting in a much larger energy band edges
bending at the metal−SiNM Schottky contact, as schematically
illustrated in Figure 2d. Thereby, the barrier height to holes in
p-type SiNMs will be also increased.30 As a result, dark current
suppression could be realized by surface nanoroughening of
SiNMs with Schottky barrier modulation.
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Figure 3. (a, b) Transfer characteristics of various rough SiNM-based TFTs in semilogarithmic (a) and linear scale (b). (c, d) Output
characteristics of smooth SiNM and rough SiNM (roughness, 1.26 nm) based TFTs, respectively.

Figure 4. (a, b) Current−voltage of smooth SiNM and rough SiNM-based photodetectors without VGS and under 980 nm light illumination
conditions, in which the power density is tunable from 0 to 1.42 mW/cm2. (c) Output characteristics of TFTs based on rough SiNM (roughness,
1.26 nm) under diﬀerent VGS. The power density of illuminated 980 nm laser is set at 1.42 mW/cm2. (d) Statistic results of current on/oﬀ ratio for
rough SiNM-based photodetectors with or without a gate bias.

indicates that a smaller absolute gate voltage is required to
implement depletion and inversion in rough SiNM-based
channels.
Generally, for a TFT with a p-type SiNM channel, the
working principle can be described as follows. When the
applied back gate voltage is positive (Vgate > 0), more and more
electrons will be driven and accumulate at the interface of the
p-type Si/SiO2. Therefore, the Fermi level will decrease to
induce a good current conduction between the source and the
drain. As a negative bias (Vgate < 0) is applied at the back gate,
holes would be driven to the interface of Si/SiO2, resulting in
an enhanced Fermi level. As seen in the transfer curve, a typical
depletion-type transistor can be found. For the rough p-type
SiNMs, however, a certain level of depletion resulting from
holes localization by rough surface defects has been already
achieved,34,35 which already causes Fermi level to move away
from the valence band. Therefore, a much smaller back gate
voltage is required to switch oﬀ the rough SiNM-based TFT.
More details about this tendency are depicted in Figure 3b. As
the surface roughness increases, the threshold voltage,

Because of the trapping eﬀect of surface rough defects on the
carrier, the surface intrinsic carrier density and energy band
structure along the vertical direction would diﬀer, thus further
aﬀecting the performances of rough SiNM-based thin-ﬁlm
transistors (TFTs).33 To investigate the mechanism, SiNMbased TFTs with diﬀerent surface roughness values were
fabricated, where the back gate was realized by InGa alloy for
good Ohmic contact. All transfer characteristics are shown in
Figure 3a (semi-logarithmic coordinate) and 3b (linear
coordinate). As can be seen in Figure 3a, the ratio of the
current in the depletion mode over that in the accumulation
mode can reach 103 when the roughness of SiNM is 0.33 nm.
This current on/oﬀ ratio will decrease with the increase in the
roughness value, reducing to about 10 when the roughness of
SiNMs is 1.26 nm. Also, the TFT fabricated with the roughest
SiNMs (roughness: 1.26 nm) has the lowest switch-oﬀ current,
which is consistent with the dark current suppression shown in
Figure 2b. Moreover, it is noted that as the surface roughness
increases, the threshold voltage exhibits a signiﬁcant decrease
when the devices were biased at a ﬁxed VDS of 2 V, which
41500
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Table 1. Comparison of the Current On/Oﬀ Ratio and Dark Current Obtained from Diﬀerent Types of Si-Based
Photodetectorsa
materials

structure

on/oﬀ ratio

dark current

year

ref

340 nm SiNM
Si nanowire
270 nm SiNMs
10 nm SiNM
200/400 nm SiNM
200 nm SiNM
50 nm SiNM

P−N diode
diode
MOSFET
diode
heterojunction
PIN
diode

over 104
102
105
102
about 103b
over 102b
∼104

10−4 mA/cm2@−2 V
10−9@−3 V
10−12@50 mV
10−5@3 Vb
10−9@−2 V
2 nA@−5 V
10−10@2 V

2013
2018
2014
2014
2015
2017
2018

36
38
39
42
40
41
this work

a

The data have been extracted from the references as indicated. bData calculated using the reference material.

determined by the dotted ﬁtting lines in Figure 3b, shifts to a
smaller value.
In addition to the transfer characteristics, the output
behaviors of ultrathin SiNM-based TFTs are also strongly
aﬀected by the surface nanoroughening. Two represented cases
of TFTs with smooth SiNM (roughness, 0.33 nm) and rough
SiNM (roughness, 1.26 nm) as channels were analyzed. For
the TFT with a smooth SiNM channel, the source−drain
current presents a dramatic increase ﬁrst and then reaches
saturation, where the saturation value can be well controlled by
the gate voltage, as shown in Figure 3c. When the TFT is built
with rough SiNMs, a slowly increasing drift at the initial
unsaturation region of the source−drain current can be
observed, as shown in Figure 3d. This slow-increasing drift is
a typical feature of a nonlinear Schottky transistor.36,37 Because
the Schottky barrier between smooth SiNM and Cr electrodes
is only 0.46 eV, no obvious Schottky characteristics can be
observed. As with the previously demonstrated results, the
Schottky barrier increases with the increase in the roughness
value, thus inducing apparent Schottky characteristics at the
unsaturation region in Figure 3d. These observations are
consistent with the calculated results of Schottky barrier
heights in Figure 2c. Schematic energy band constructions of
smooth and rough SiNMs under diﬀerent biased conditions
can be found in Figure S3.
In terms of this fundamental of optoelectronic properties
under such surface condition, rough SiNM-based photodetectors were fabricated and locally illuminated with a 980
nm laser by coupling it with optical ﬁbers. Figure 4a,b shows
the photocurrents of photodetectors based on the smooth
SiNMs (the initial SiNMs without nanoroughening) and rough
SiNMs (herein, just giving the maximum roughness value, i.e.,
1.26 nm). The power density is varied from 0.28 to 1.42 mW/
cm2. As shown Figure 4a, symmetric electric curves can be
found in positive and negative bias voltages, indicating a similar
Cr/SiNM contact condition. As the laser power density
increases, the photocurrents increase accordingly. When the
device was biased at 2 V and illuminated with a power density
of 1.42 mW/cm2, the photocurrent can reach 0.4 A, which is
over 1 order of magnitude larger than the dark current. For the
rough SiNM-based photodetector, similar tendency of photocurrent varying with the light illumination can be found, as
exhibited in Figure 4b. Dramatically, the current on/oﬀ ratio
(with/without light illumination) can reach almost 1 × 104,
which is far larger than that of the smooth device at the same
illumination condition. Compared with the results exhibited in
Figure 4a,b, it is found that this enhancement in the Ion/Ioff
ratio for rough SiNM-based photodetector is mainly generated
from the decrease in the dark current. More visualized results
are shown in Figure 4d with black spots and dotted line, where

statistics about Ion/Ioff ratio obtained from four types of SiNMbased photodetectors are extracted. The initial smooth SiNMbased device possesses the minimum Ion/Ioff ratio. As the
SiNM becomes rougher, the corresponding photodetector
holds larger Ion/Ioff ratio, which can be attributed to the dark
current suppression in rough SiNM-based contacts. Although
surface nanoroughening in SiNMs can achieve enhanced
current on/oﬀ ratio, the PPC eﬀect in the ultrathin rough
SiNM was also introduced. To eliminate this unexpected
phenomenon, a back gate voltage was applied, and fast
optoelectronic response in rough SiNM-based photodetector
was realized. More details about the elimination of PPC eﬀect
in rough SiNMs can be found in Figure S4 of the Supporting
Information.
It is also known that transistor has the ability to amplify
signals through the gate control. Here, we utilized rough
SiNM-based TFTs to further improve the Ion/Ioff ratio. The
incident light power density was set to be same with the
illumination condition of above SiNM-based photodiodes, i.e.,
1.42 mW/cm2. As discussed in Figure 3, to switch on a p-type
TFT with a back gate, the applied gate voltage should be
positive, i.e., VGS > 0. Figure 4c shows the output characteristics of the 1.26 nm rough SiNM-based TFT under the light
illumination. Compared with the results that no gate voltage
was applied (VGS = 0), the channel photocurrent was
apparently ampliﬁed with a back gate bias. The statistic Ion/
Ioff ratio obtained from four types of rough SiNM-based TFTs
is depicted in Figure 4d with red spots and dotted line. Further
improvement in the Ion/Ioff ratio is realized with a positive gate
bias, providing great potentials in ultrahigh sensitive SiNMbased optoelectronic devices.
The photodetector with a metal-oxide-semiconductor ﬁeldeﬀect transistor (MOSFET)36 or PN diode37 structure has a
much higher current on/oﬀ ratio and a lower dark current,
which can be attributed to a larger built-in electric ﬁeld.
However, complex fabrication and precise doping processes are
required to make these devices.38−41 Although photodetectors
built with SiNM diodes are convenient to fabricate, they have a
much higher dark current and a lower on/oﬀ ratio.42 In
comparison to other SiNM-based photodetectors, our
proposed rough SiNM-based photodetectors, taking advantage
of simple and controllable surface engineering, have comparable performances with those of phototransistors or
photodiodes, especially in terms of dark current and Ion/Ioff
ratio, as summarized in Table 1.

■

CONCLUSIONS
In conclusion, we systematically studied the eﬀect of surface
nanoroughened SiNMs on their electrical conductivities, the
Schottky barrier modulations, and the performances of their
41501
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electronic/optoelectronic devices. Device fabrication was
started with controllable nanoroughening of SiNMs. Then,
Schottky barrier modulations were demonstrated in rough
SiNM/metal contacts, providing capabilities in suppressing the
dark current and enhancing the Ion/Ioff ratio of rough SiNMbased photodetectors. For the rough SiNM-based TFTs, much
lower Vth is required for switching on the devices, which
implies great potentials for lower-power-consuming electronics. Moreover, with the TFT construction, further
improvement in the Ion/Ioff ratio was achieved. Our work
may provide the guidance for creating and designing highperformance SiNM-based optoelectronic devices, especially for
the surface engineering of ultrathin nanomembranes.
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METHODS

Fabrication of Nanoroughened SiNMs. Nanoroughening of
SiNMs was started from a clean SOI wafer. Thicknesses of the top
SiNM and buried oxide layer are 50 and 120 nm, respectively. The
SOI wafer was ultrasonically cleaned by acetone, alcohol, and
deionized water. Each cleaning step was set to be 10 min. Then,
the native oxide layer was removed by buﬀered oxide etch. After that,
a metal (chromium, Cr) layer with a thickness of 10 nm was
deposited on SiNMs by e-beam evaporation and patterned through a
shadow mask. During the evaporation, the pressure was set as 1.0 ×
10−3 Pa, and the evaporation rate was 0.2 nm/s. The RIE was
performed to deﬁne an isolated SiNM array, where the patterned Cr
layer was used as the hard mask. The radio frequency power was 50
mW; 35 sccm SF6 and 18 sccm CHF3 were used as the reactant gas;
the pressure was 30 mTorr; and the etching time was 30 s. Finally,
surface nanoroughened SiNMs were realized by immersing the sample
into 10% KOH solution at 60 °C with diﬀerent nanoroughening
times.
Fabrication of Rough SiNM-Based Devices. Before fabricating
the rough SiNM-based devices, the Cr mask was removed by ceric
ammonium nitrate (Ce(NH4)2(NO3)6) solution. The etching time
was 60 s. The electrical contact areas in SiNMs were deﬁned by
photolithography. Then, Cr/Au electrodes were deposited by the ebeam evaporation with the pressure of 1.0 × 10−3 Pa and a growing
rate of 0.05 nm/s. For the TFT devices, an additional back gate was
realized with the InGa alloy.
Characterizations. Surface morphologies of rough SiNMs were
obtained by an atomic force microscopy (Dimension ICON).
Electrical properties of rough SiNM-based devices were carried out
by semiconductor parameter analyzer (Keithley 4200). Optoelectronic response of the devices to light illumination was measured by
electrochemical workstation (Zahner PP211 IM6).
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(25) Huang, Z. P.; Geyer, N.; Werner, P.; Boor, J.; Gösele, U. MetalAssisted Chemical Etching of Silicon: A Review. Adv. Mater. 2011, 23,
285−308.
(26) Huang, G. S.; Mei, Y. F. Thinning and Shaping Solid Films into
Functional and Integrative Nanomembranes. Adv. Mater. 2012, 24,
2517−2546.
(27) Ang, K. W.; Zhu, S. Y.; Wang, J.; Chua, K. T.; Yu, M. B.; Lo, G.
Q.; Kwong, D. L. Novel Silicon-Carbon (Si:C) Schottky Barrier
Enhancement Layer for Dark-Current Suppression in Ge-on-SOI
MSM Photodetectors. IEEE Electron Device Lett. 2008, 29, 704−707.
(28) Burke, B. E.; Gajar, S. A. Dynamic Suppression of InterfaceState Dark Current in Buried-Channel CCDs. IEEE Trans. Electron
Devices 1991, 38, 285−290.
(29) Pulfrey, D. L.; McOuat, R. F. Schottky-Barrier Solar-Cell
Calculations. Appl. Phys. Lett. 1974, 24, 167−169.
(30) Malherbe, J. B.; Witt, B.; Berning, G. L. P. The Effect of Ar+
Ion Implantation on The Electrical Characteristics of Cr/P-Si
Schottky Diodes. J. Appl. Phys. 1992, 71, 2757−2759.
(31) To̅yama, N. Variation in The Effective Richardson Constant of
A Metal-silicon Contact Due to Metal-film Thickness. J. Appl. Phys.
1988, 63, 2720−2724.
(32) Ko, H.; Takei, K.; Kapadia, R.; Chuang, S.; Fang, H.; Leu, P.
W.; Ganapathi, K.; Plis, E.; Kim, H. S.; Chen, S.; Madsen, M.; Ford, A.
C.; Chueh, Y.; Krishna, S.; Salahuddin, S.; Javey, A. Ultrathin
Compound Semiconductor on Insulator Layers for High-performance
Nanoscale Transistors. Nature 2010, 468, 286−289.
(33) Fonash, S. J.; Ashok, S.; Singh, R. Effect of Ion-Beam Sputter
Damage on Schottky Barrier Formation in Silicon. Appl. Phys. Lett.
1981, 39, 423−425.

(34) Shannon, J. M. Control of Schottky Barrier Height Using
Highly Doped Surface Layers. Solid-State Electron. 1976, 19, 537−543.
(35) Lee, S.; Nathan, A. Subthreshold Schottky-barrier Thin-film
Transistors with Ultralow Power and High Intrinsic Gain. Science
2016, 354, 302−304.
(36) Seo, J. H.; Oh, T. Y.; Park, J. H.; Zhou, W. D.; Ju, B. K.; Ma, Z.
Q. A Multifunction Heterojunction Formed Between Pentacene and a
Single-Crystal Silicon Nanomembrane. Adv. Funct. Mater. 2013, 23,
3398−3403.
(37) An, X. H.; Liu, F. Z.; Jung, Y. J.; Kar, S. Tunable GrapheneSilicon Heterojunctions for Ultrasensitive Photodetection. Nano Lett.
2013, 13, 909−916.
(38) Hossain, M.; Kumar, G. S.; Prabhava, S. N. B.; Sheerin, E. D.;
McCloskey, D.; Acharya, S.; Rao, K. D. M.; Boland, J. J. Transparent,
Flexible Silicon Nanostructured Wire Networks with Seamless
Junctions for High-Performance Photodetector Applications. ACS
Nano 2018, 12, 4727−4735.
(39) Seo, J. H.; Zhang, K.; Kim, M.; Zhao, D. Y.; Yang, H. J.; Zhou,
W. D.; Ma, Z. Q. Flexible Phototransistors Based on SingleCrystalline Silicon Nanomembranes. Adv. Opt. Mater. 2016, 4,
120−125.
(40) Menon, L.; Yang, H. J.; Cho, S. J.; Mikae, S.; Ma, Z. Q.; Zhou,
W. D. Transferred Flexible Three-Color Silicon Membrane Photodetector Arrays. IEEE Photonics J. 2015, 7, No. 680016.
(41) Dang, M. J.; Yuan, H. C.; Ma, Z. Q.; Ma, J. G.; Qin, G. X. The
Fabrication and Characterization of Flexible Single-crystalline Silicon
and Germanium P-Intrinsic-N Photodetectors on Plastic Substrates.
Appl. Phys. Lett. 2017, 110, No. 253104.
(42) Song, E. M.; Si, W. P.; Cao, R. G.; Feng, P.; Mönch, I.; Huang,
G. S.; Di, Z. F.; Schmidt, O. G.; Mei, Y. F. Schottky Contact on UltraThin Silicon Nanomembranes Under Light Illumination. Nanotechnology 2014, 25, No. 485201.

41503

DOI: 10.1021/acsami.8b13951
ACS Appl. Mater. Interfaces 2018, 10, 41497−41503

