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Abstract

By repeating oxidation and subsequent wet chemical etching, we produced ultra-thin silicon
nanomembranes down to 10 nm based on silicon-on-insulator structures in a controllable way.
The electrical property of such silicon nanomembranes is highly inﬂuenced by their contacts
with metal electrodes, in which Schottky barriers (SBs) can be tuned by light illumination due to
the surface doping. Thermionic emission theory of carriers is applied to estimate the SB at the
interface between metal electrodes and Si nanomembranes. Our work reveals that the Schottky
contacts with Si nanomembranes can be inﬂuenced by external stimuli (like light luminescence
or surface state) more heavily compared to those in the thicker ones, which implies that such
ultra-thin-ﬁlm devices could be of potential use in optical detectors.
Keywords: Si nanomembrane, ultra-thin nanomembrane, SOI, Schottky barriers, surface doping
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

clarify the effect of local-illumination by using scanning
photocurrent spectroscopy [11]. In addition, a related theory
has been reported for energy band alignments of SB at contacts between metal and semiconductor nanostructures
[12, 13]. It is worth noting that the electrical properties of
ultra-thin SiNMs (∼10 nm) under illumination have not been
systematically studied, yet, and therefore a detailed investigation of their contacts with metal electrodes [12] is highly
demanded.
In this work, we use oxidation and subsequent HF
etching [14] to fabricate ultra-thin SiNMs down to 10 nm
under a controllable process. By applying local-illumination,
the electrical properties of such SiNMs are addressed to
understand the charge injection phenomena. We use thermionic emission (TE) theory of carriers to calculate SB
heights and explain the origin of carrier transport near SB and
illumination tuning effects in the experiments. Besides, we

Inorganic nanomembranes (INMs) with various geometries
[1, 2] have shown great promise for potential applications in
e.g. ﬂexible electronics [3], metamaterials [4], and strained
silicon technology [5]. Schottky barriers (SBs) of metal
electrodes on inorganic nanomembranes are often observed to
be greatly inﬂuenced by surface states [6, 7] and thus play a
signiﬁcant role in devices’ electrical properties [8]. Meanwhile, it has been reported that surface doping could dominate
the carrier transport in SiNMs when their thickness decreased
down to several nanometers [9]. Moreover, the SB difference
on double-electrode devices based on SiNMs can offer possibilities to create novel optoelectronic components like
photovoltaic cells [8] and persistent photoconductive devices
[10]. On the other hand, the contact properties of silicon
nanowires and carbon nanotubes have been explored to
0957-4484/14/485201+07$33.00
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Figure 1. (a) The thinning of SiNMs includes two main processes: oxidation and etching. The original 27 nm SiNM was put in 90% ozone
atmosphere at RT for 12 min. The top silicon layer was oxidized to SiO2. Then the sample was etched by 10% HF solution for 90 s to remove
the formed SiO2. We repeated the process for 13 cycles. (b) TEM image of a typical ultra-thin SiNM with a thickness of ∼10 nm.

Figure 2. (a) Diagram of the SiNM FET device investigated. The test transistor is fabricated based on the 10 nm thickness SiNM. The

electrodes are Cr/Au (5/50 nm). (b) Optical microscope image of SiNM FET. Note that the channel is 5 μm long and 18 μm wide.

typical image is shown in ﬁgure 1(b). The Si/SiO2 interface, a
top native oxide layer (∼2 nm) and a protecting Pt patterned
layer are also shown. The thickness of a SiNM is successfully
reduced to ∼10 nm, which ensures the preparation of ultrathin SiNMs.

build up a model for thermo- and photo-induced currents to
describe the principle of charge injection.

2. Fabrication of ultra-thin SiNMs
The starting material used here is a (0 0 1) bonded silicon-oninsulator (SOI) wafer with a top SiNM thickness of 27 nm,
and the SiNM has a boron doping level of 1015 cm−3 which
has a resistivity of about 10 Ω cm. The original SiNM was
patterned by normal photolithography and then thinned by
repeated oxidation and HF etching [14]. This method is used
for integrated circuit processing at low temperature. The
original SiNM was put in 90% ozone atmosphere at room
temperature (RT) for 12 min to oxidize the top Si layer. Then,
the sample was etched by 10% HF solution for 90 s, which
can thoroughly remove the SiO2 just formed. We repeated
these steps for 13 cycles (see ﬁgure 1(a)) to reduce the
thickness of SiNM from 27 nm to around 10 nm. The fabrication method is stable and controllable with an average top
layer removal rate of 1.31 nm Si per cycle. The ﬁnal thickness
of ultra-thin SiNMs was characterized by a transmission
electron microscope (TEM, Philips CM200FEG) and a

3. Device of SiNM ﬁeld effect transistors (FETs)
To evaluate the electrical properties of the ultra-thin SiNM,
we prepared a FET device based on the thinned SiNM (which
is called SiNM FET). The diagram of the ﬁnal device is
shown in ﬁgure 2(a), where the Si substrate serves as the back
gate. After the thickness reduction, SiNMs were patterned by
photolithography. The two-terminal electrodes were prepared
by depositing Cr/Au (5/50 nm) by e-beam evaporation,
combined with a photoresist-liftoff. Subsequently, the interfaces at Cr/Si contacts are strengthened by rapid thermal
annealing at 500 °C for 3 min in ambient Ar gas with a
ramping rate of 16 °C s−1. Figure 2(b) shows the optical
microscope image of the transistor fabricated on a 10 nm
SiNM, whose channel is 5 μm long and 18 μm wide. The
local illumination of the channel is accomplished by a 633 nm
2
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Figure 3. (a) The currents at gate, drain and source electrodes. The SiNM is exposed to light at RT. The drain voltage is changed from −20 to
20 V and the gate voltage is ﬁxed at 0 V. (b) Typical |IDS|–VDS curves of SiNM FET in the dark. Along the direction of the black arrows, VG
increases from −4 V to 2 V. (c) Transfer characteristics of SiNM FET. Along the direction of the arrows, the bias voltage VDS changes by
steps of 1 V.

laser with a maximum power density of 25 μW μm−2 on the
sample surface tested by a SCIENTECH 312 Power and
Energy Meter and the focal spot has a diameter of 5 μm. The
device temperature is controlled by a hotplate and real-time
temperature is tested by a FLUKE 51 thermometer. The
electrical characteristic of the SiNM FET was measured by a
semiconductor parameter analyzer (Keithley, SCS-4200).

5. Carrier transportation under light illumination
Previous experimental work showed that changing the surrounding temperature can be used to tune the SB height [17].
Here, we heated SiNM in the dark at different temperature
(inset of ﬁgure 4(a)) to exhibit the thermo-effect of SiNM
[18]. In addition, we also tried to reveal the inﬂuence of light
illumination on the electrical performances of the SiNM FET.
The currents between the channel in the dark and under light
illumination are plotted in ﬁgure 4(a). The Schottky type
characteristic is obvious in all the curves [19]. It is well
known that light illumination is an effective method of charge
injection [10], for it brings more carriers, and illumination can
also modulate the depletion region and tune the SB height
[12]. We can see from ﬁgure 4(b) that the IDS is strongly
increased under light illumination. Considering the ideal
situation of a stable carrier density, we use TE of hole across
SB to model the IDS–VDS characteristics in ﬁgure 4(c). We
approximate the voltage drop across the SB as a fraction
parameter C of the reversed voltage applied across the device.
From the equation for thermionic-emission current across SB,
the relation of the current and applied bias voltage could be
written as:

4. Basic electrical property of SiNM FETs
We investigate charge-transport mechanisms of ultra-thin
SiNM by injecting charges. In principle, there are three types
of charge injection at the interface between metal and semiconductor: thermal emission, tunneling, and electron–hole
recombination in the depletion region. Noting that the SiNM
channel has a length of ∼5 μm and a thickness of around
10 nm, it is expected that the voltage bias has a minor effect
on the SB at the contacts [8].
Figure 3(a) shows the currents at gate, drain and source
electrodes in the illuminated device, as displayed by |Igate|, |
Idrain| and |Isource|, respectively. The leakage current through
the gate is almost ﬁve orders of magnitude lower than |Idrain|
and |Isource| after VDS reaches the threshold voltage. The low
leakage current in SiNM [15] assures leakage current can be
neglected in the following discussion. Figure 3(b) exhibits
how the gate voltage VG modulates the current, where VG
changes from −5 to 5 V under dark condition. The characteristic of the device exhibits ambipolar behavior, which is
usually observed in SB type FET [16]. The results shown in
ﬁgure 3(b) indicate that the drain and source contacts are
Schottky type with a stable threshold voltage due to full
depletion. We also obtained the |IDS|–VG curves with ﬁxed
VDS, as plotted in ﬁgure 3(c). The |IDS|–VG curves at different
VDS indicated that the device has an ambipolar behavior: for
negative VDS, the current increases with increasing VG,
exhibiting an n-type behavior; for positive VDS, the current
decreases with increasing VG, hence exhibiting a p-type
behavior, which suggests that the channel is n-type for
negative VDS and p-type for positive VDS.

⎛ eϕB0 ⎞ ⎧
⎫
⎛ − eCVDS⎞
⎟ − 1⎬ ,
IDS = SA*T 2 exp ⎜ −
⎟ ⎨ exp ⎜
⎝ kT ⎠
⎭
⎝ kT ⎠ ⎩

(1)

where T is the absolute temperature, S is the SiNM channel
cross-sectional area, ΦB0 is the SB height at zero bias, A* is
the effective Richardson constant (32 A cm−2 K−2 for p-type
Si) [20], e is the electronic charge, k is the Boltzmann constant. C stands for a fraction of the voltage applied across the
SB [21]. From equation (2), we can regard the former part of
equation (1) as a constant I0:
⎛ eϕB0 ⎞
I0 = SA*T 2 exp ⎜ −
⎟,
⎝ kT ⎠

(2)

which can be obtained by from the intercept value [22] of ln
I–V curve to zero applied bias-voltage in ﬁgure 4(b) and the
ΦB0 values can be calculated from equation (2) by zero-bias
methods [13]. With gate voltage ﬁxed to zero, the ΦB0 to the
three solid dots curves in ﬁgure 4(c) (referring to dark current
3
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Figure 4. (a) IDS–VDS properties of the SiNM. The dark current and photocurrent are shown. The inset: |IDS|–VDS curves. The device is put in
the dark at 300, 370 and 485 K. (b) |IDS|–VDS properties of the SiNM in the dark and under illumination at RT. VG = 0 V. We test electrical
properties at 300 K in the dark and under different illumination power densities (2.5, 12.5 and 25 μW μm−2) from −15 to 15 V. (c) IDS–VDS
plots of tested and simulated results from 0 to 3 V in the dark and under illumination at RT. The simulation is obtained by the TE model. (d)
Dynamic electrical characterization of SiNM. The currents of on- and off-states by switching illumination are shown. We turn on the light at
8 s and then switch it off at 18 s. The illumination power is chosen as 2.5 μW μm−2 (10%) and 25 μW μm−2 (100%). The circle shows a
higher residual current after illumination power (100%) is turned off. The inset displays the photocurrent in continuous light illumination
(100%) of 1 h.

at RT, photocurrent (50%) and photocurrent (100%) at RT
respectively) are 0.363 eV, 0.559 eV, and 0.701 eV, respectively. In ﬁgure 4(c), the two black lines are corresponding
current values simulated by TE theory and one can see that
the calculation ﬁts our experimental results well.
SiNMs can absorb photons from illumination when light
penetrates into the nanomembrane [23]. The relation between
illumination power P in the nanomembrane and penetration
depth x can be written as equation (3):
P = P0 exp(−αx ),

of the SB contacts are signiﬁcantly affected by illumination.
However, the illumination on SiNM produced both photogenerated carriers and heating effects. It can be supposed that
the nanomembrane absorbs different energy from different
wavelength light, which is subsequently converted to dissimilar amount of heat [28]. To investigate this in more
details, we measured IDS under illumination with different
power density, the results are shown in ﬁgure 4(d), where
both light ‘on’ and ‘off’ states are depicted. We can estimate
the current in the ‘on’ state by using equation (4) [29]:

(3)

Ion = Idark (T ) + IPC ≈ Idark (T ) + kΨ ,

where P0 is the power at the surface and α is the absorption
coefﬁcient, which is a property of a material deﬁned as the
fraction of light absorbed, related to material property and
light wavelength [24–26]. It can be mathematically deduced
that for a SiNM with thickness of d the light absorbance per
P − P exp(−αd )
unit thickness 0 0 d
should become large in the case
of a small d. This special characteristic of our ultra-thin
membrane makes nanomembranes have great potential
applications as sensitive photoelectric detectors.
The illumination effect on the main electrical parameters
such as ΦB0 and I0 in an n-Si diode has previously been
investigated [27]. It showed that the electrical characteristics

(

(4)

where Ion is the current under illumination and Idark(T) corresponds to the thermally activated current in the dark. IPC is
the photo current and is a function of illumination intensity
[30]. Here, the photocurrent can be expressed as kψ, where ψ
is the photon ﬂux and k is a constant [29]. Therefore, the
current under illumination consists of two parts: (1) TE and
(2) photocurrent.
When the illumination is turned on, the current increases
because both thermo current and photocurrent contribute to
the current (see equation (4)). On the other hand, when the
illumination is off, IPC will disappear immediately but the

)

4
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special characteristic of the contact on the SiNM is supposed
to be inﬂuenced easily by surface doping and is able to make
lower contact resistivity by proper dopant density, which is
increasingly difﬁcult in bulk material, nanotubes or nanowires. Such surface doping is sensitive to external stimuli for
instance light illumination [12].
On the other hand, large contact or cross section area
causes carriers injection in nanomembranes much more easily
under illumination. Meanwhile the essential effect of illumination on MS contacts reveals that the light also can tune the
shape of the SB. More speciﬁcally, the depletion width, which
depends exponentially on the doping density, changes with
persistent light illumination [12]. For bulk materials, the
depletion width is relatively small compared to nanoscale
materials, where depletion widths can be up to several hundred nanometers wide [34, 35]. It means that when illumination on, depletion width at nanoscale MS interfaces
(including nanomembranes and nanowires) is reduced more
sensitively than bulk material, as displayed as blue dotted line
in ﬁgure 5(a). Thus, the current signiﬁcantly increased in
ﬁgure 4(a). The full depletion of the SiNM makes IDS–VDS
characteristics determined by two side contacts, and the carrier transport is to some extent totally determined by built-in
potential between two contacts, resulting in a stable threshold
voltage in ﬁgure 3(b). This is an ideal situation to avoid short
cut and kink effects [36].
Before we discuss the carrier transport mechanism inside
the SiNM, it is highly necessary to take account into the SB
height inhomogeneities in our device. Noting that our SiNM
has 5 μm long channel (500 times longer than thickness), it
should be considered that thickness ﬂuctuations and strains
inside SiNM are different at drain or source contacts. The
metal’s electron wave function decays into silicon [37] and is
believed to be sensitive to Si surface status at both contacts,
which causes different band bending [10]. Under illumination, electron–hole pairs are effectively generated in the
SiNM. With the increase of non-equilibrium carrier concentration, the electron’s and hole’s quasi Fermi levels are
modulated, and surface recombination is enhanced [13], as
depicted in ﬁgure 5(a). The photo-generated electrons are
swept towards the barrier at the interface due to the inﬂuence
of the electric ﬁeld applied, whereas holes are accelerated
towards the metal [8]. Even at low bias, IDS in illuminated
SiNM is increased remarkably.
We discuss this in more detail. The ﬂuctuation of VDS has
a big inﬂuence on the density of free electrons in the channel
from metal electrodes. When positive voltages (VDS > 0) are
applied to the drain contact, as illustrated in ﬁgure 5(b), the
band edge bends downward at the drain side. At low voltages,
the barrier Φh is too high for hole injection, and the current is
low. With increasing voltage, Φh is no longer a sharp barrier
for holes and respective injection becomes much easier. After
one threshold voltage is achieved, the current increases
exponentially. In contrast, the injection of electrons at the
source contact is difﬁcult due to the barrier Φe [21]. Similar
assumptions hold for negative voltages (VDS < 0) as shown in
ﬁgure 5(c).

temperature of the SiNM will decrease during the cooling
relaxation time, thus Idark(T) will stay at a higher value
compared to that at RT. This phenomenon can be observed in
ﬁgure 4(d) where Idark (red line) remains at a higher level (the
circle in ﬁgure 4(d)) after the illumination is switched off. The
inset shows the continuous laser illumination of 1 h leads to a
stable photocurrent, and the value of the photocurrent is same
to that under short time illumination. In our experiment, we
found that the dark current at 485 K ﬁts well with the current
after the illumination of 25 μW μm−2 is turned off. Therefore,
we can make a rough estimation that the stable temperature of
the SiNM under 25 μW μm−2 laser illumination is
around 485 K.

6. Contact properties of ultra-thin SiNMs based on
band edge alignment
We investigate the special electrical properties of the metal–
semiconductor contacts when the semiconductor thickness
decreases down to nanometers. Here, we discuss the alignment of bands and investigate the special characteristic of
contacts on ultra-thin SiNM.
It is known that the contact type depends on the positions
of the Fermi levels and the band structures of both the metal
and the semiconductor [13]. The SB height at metal/semiconductor (MS) contact can be calculated by:
ΦB = φ − χ ,

(5)

where Φ is the metal work function and χ is the semiconductor electron afﬁnity. However, at the contact interface,
Heine [31] ﬁrst pointed out that the wave functions of the
metal electrons tailed into the semiconductor in the energy
range and these metal-induced gap states represent the fundamental mechanism that determined the SB height, which is
called Fermi level pinning [13], and an electrostatic potential
causes the valence and conduction bands to bend near the
interface [32]. For nanosemiconductor contacts, there are two
different groups. The ﬁrst group includes nanowires and
nanotubes. It has been suggested theoretically that metalinduced gap states have a weaker impact on the band alignment due to electrostatics at reduced cross section [33]. The
second group is ultra-thin nanomembranes. Interface gap
states and large surface area can have a strong inﬂuence on
Fermi level pinning on nanomembranes due to their large
surface-to-volume ratios.
Generally, the realignment of band levels is determined
by three factors: metal Fermi level, semiconductor Fermi
level, and gap states. In ultra-thin SiNM, a large amount of
surface dopants owing to the huge contact area can also
modulate the SB [8]. In bulk, heavily doping the semiconductor near the contact can overcome the SB by reducing
the depletion width, which allows carriers to tunnel through
the barrier. However, establishing the proper band bending in
nanotubes and small nanowires is difﬁcult and requires much
more doping as the cross section area decreases [13]. In
contrast, the ultra-thin nanomembrane is far more sensitive to
doping at the surface, which is called surface doping. The
5

E Song et al

Nanotechnology 25 (2014) 485201

where kB is the Boltzmann constant and T the temperature.
According to the fact that the electron afﬁnity of Si is 4.05 eV
with a 1.12 eV band gap and the Cr work function is around
4.5 eV, the theoretical SiNM to Cr SB height is calculated as
ΦB0 = (4.05 + 1.12 − 0.3) − 4.5 = 0.37 eV, which agrees with
the experimental measured value of 0.363 eV. The carriers at
low illumination are able to surmount the lower barriers and
therefore current transport will be dominated by surface
recombination and current ﬂowing through the patches of
lower SB height. As the illumination intensity is increased,
the behavior of surface recombination is strengthened and
meanwhile more carriers (i.e. holes) have sufﬁcient energy to
surmount the higher barrier [40] in ﬁgure 5(a). Therefore, the
SB height of the p-type FET for holes Φh is calculated to be
0.701 eV. This result indicates that the illumination effect on
the electrical properties of SiNMs is signiﬁcant and these
devices can be used as an optical sensor for optoelectronic
applications [10].

7. Conclusion
In summary, we have investigated the tuning effect of localillumination to the SB contact on ultra-thin SiNM. These
nanomembranes are more sensitive to surface doping densities than bulk material due to a large surface-to-volume
ratio. Illumination and higher temperature increase the nonequilibrium carrier concentration and inﬂuence the surface
doping density. We also put forth a model to explain the
charge injection and the observed increase in both thermoand photo-currents. There is great potential for semiconductor
ultra-thin membranes to be applied into optoelectronic
application as a novel type of membrane device.
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Figure 5. Ideal band edge alignments of the device for (a) SiNM in
the dark and under illumination when VDS = 0 V. The SiNM absorbs
light and electron–hole pairs are generated. The illumination
increases the effective SB height and changes the surfaces. (b)
VDS > 0 and (c) VDS < 0 V of SiNM under illumination. EF is the
Fermi level, EC is the bottom of the conduction band and EV is the
top of the valence band. Φe is the electron injection barrier and Φh is
the barrier for holes.

Here we just consider the ideal situation of band alignments in absence of the Fermi level pinning. The resistivity of
SiNM suggests an acceptor doping level NA of about
1015 cm−3 [38]. At 300 K, the valence band effective state
concentration NV of Si is approximately 1010 cm−3 [39]. In
this non-degenerate case, the difference between semiconductor Fermi level EF and valence band EV can be estimated by EF − EV = −kBT × ln(NV/NA) ≈ 0.3 eV in ﬁgure 5(a),
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