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      Figure  1 .     a) Schematic of the SiNM devices and the measurement 
 Inorganic nanomembranes as a versatile class of building blocks 
in nanoscience and nanotechnology [  1–3  ]  are attracting signifi -
cant attention for many potential applications including fl exible 
electronics, [  4  ,  5  ]  metamaterials, [  6  ,  7  ]  strained silicon technology, [  8  ,  9  ]  
and bioanalytic microsystems. [  10  ,  11  ]  Schottky barriers at contacts 
to nanomaterials are often observed and may play a critical role 
for their electrical properties, [  12      –  14  ]  in particular for nanomem-
branes. [  15  ]  On the other hand, certain tricks played on Schottky 
barriers can offer routes to novel devices like ambipolar tran-
sistors [  16  ]  and solar cells. [  17  ,  18  ]  Recently, local illumination was 
exploited in scanning photocurrent spectroscopy to probe the 
effect of contact properties on device characteristics of silicon 
nanowires, graphene, and carbon nanotubes. [  14  ,  19–21  ]  However, 
there are only few reports to apply such basic Schottky contacts 
to nanomaterials to realize interesting electronic devices. [  18  ]  

 Here, we demonstrate that ultrathin silicon nanomem-
branes (SiNMs) on insulators under local illumination reveal a 
gate-controlled photovoltaic effect and negative transconduct-
ance in Schottky transistors applying both homo- and hetero-
contacts. Tiny variations of Schottky barriers between source 
and drain contacts are responsible for the photovoltaic effect 
in ultrathin SiNMs and can be enhanced by the gate voltage 
and/or contact design. Such a photovoltaic effect induces a 
built-in voltage and thus leads to a steep increase of the cur-
rent across the channel, which is manifested in a so-called 
negative transconductance. 

 A test transistor based on SiNMs under local laser illumi-
nation is schematically shown in  Figure    1a  , where the Si sub-
strate serves as a back gate. The source and drain electrodes 
are contacted with different (Ti and Cr/Au) or the same (Cr/Au 
and Cr/Au) metals, thus creating hetero- or homocontacts for 
electrical investigations. Figure  1b and c  show the current ( I  SD , 
source-drain current) versus gate voltage ( V  G ) curves of 27 nm 
SiNM-based devices at a fi xed drain voltage ( V  D ) of  − 0.1 V for 
hetero- and homocontacts. The ambipolar characteristics, when 
the laser is off, indicate that both devices are Schottky barrier 
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transistors. Negative gate voltages result in hole accumulation 
in the channel and a  p -type operation mode, whereas posi-
tive gate voltages lead to electron accumulation and an n-type 
operation mode. [  15  ]  When a focused laser spot illuminates the 
middle region of the SiNM channel, unusual  I  SD – V  G  curves 
mbH & Co. KGaA, Weinheim 3667

principle. The voltages applied to the drain and gate electrodes can be 
changed. A laser spot with controlled power and position, illuminates 
the SiNM channel.  I  SD  −  V  G  results obtained from b) heterocontacts with 
Ti and Cr/Au and c) homocontacts with Cr/Au and Cr/Au when the laser 
is on and off. When the laser is off, the device exhibits ambipolar charac-
teristics, with increasing the positive gate voltage, the current increases 
gradually; in contrast, when the laser is on, with increasing positive gate 
voltage, the current increases quickly to a high level, and then decreases 
before rising again in a moderate fashion. d)  I  SD – V  D  curves for SiNMs 
(with hetero- and homocontacts) illuminated in the middle by a laser 
power of 400  μ W. Gate voltages are 4V and 1V, respectively. e) Transcon-
ductance deduced from the shadow region in c. The thickness of the 
SiNM used here is 27 nm, the length and width of the SiNM channel are 
12 and 20  μ m, respectively, and  V  D   =   − 0.1 V.  
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 are measured; with increasing positive gate voltage, the current 

increases quickly to a high level, then decreases before rising 
again in a moderate fashion. Interestingly, for gate voltages at 
maximum  I  SD , a pronounced photovoltaic effect is observed in 
both devices as shown in Figure  1d , where  V  G   =  1 V for het-
erocontacts and  V  G   =  4 V for homocontacts. We estimate the 
total effi ciency of our gate-controlled photovoltaic devices in the 
range of 0.05% and the quantum effi ciency at around 2%.  

 In a transistor, the transconductance is defi ned as the deriva-
tive of the current across the channel over the gate voltage. [  22  ]  
Normally, the conductance changes monotonically with the 
gate voltage and leads to a positive transconductance. In con-
trast, a negative transconductance can be achieved with double- 
or grating-gated transistors. [  23  ,  24  ]  In our local-illuminated SiNM-
based transistor, a negative transconductance is observed in 
the shadow region of Figure  1c  and occurs for gate voltages 
between 4 V and 11 V (see Figure  1e ). 

 Such unusual  I  SD – V  G  results responsible for the negative 
transconductance can be modulated by the laser power and the 
drain voltage, as shown in Supporting Information (S-)Figure 
 1a and b , respectively. We take the homocontacted case as an 
example from Figure  1c . With decreasing laser power from 
100% to 0.5% of the full power at  V  D   =   − 0.1 V, the current 
near  V  G   =  4.2 V decreases substantially and can be ascribed to 
the decrease of photogenerated carrier densities as shown in 
S-Figure  1a . By changing the drain voltage from  − 0.1 to  − 0.9 V 
(under full laser power illumination), the current across the 
channel increases and is due to a faster transport of carriers at 
      Figure  2 .     a)  I  SD – V  G  curve measured for a drain voltage of 0 V. A laser spot at full power illu-
minates the middle area of the channel. The current is strongly modulated by the gate voltage 
and can be several microamperes at a midlevel of  V  G . At three representative  V  G  as marked in 
a, the  I  SD – V  D  results are shown in b:  V  G   =  0 V, in c:  V  G   =  2 V, and in d:  V  G   =  4 V. In each fi gure, 
results for fi ve different laser powers are shown. The photovoltage is adjusted by the gate 
voltage, whereas the current is mainly affected by the laser power.  
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a higher bias. An important feature to note 
is that even for  V  D   =  0 V, fi nite current still 
fl ows in the channel, as shown in the bottom 
curve of S-Figure  1b . This directly confi rms 
the photovoltaic effect present in the device. 

 For  V  D   =  0 V, as clearly shown in the 
 I  SD – V  G  curve in  Figure    2a  , four features are 
revealed: 1) the gate voltage can modulate the 
current inversely, 2) the maximum current 
can be several microamperes, 3) the current 
is negative at large  V  G  and approaches  − 1  μ A 
for  V  G   =  20 V, and 4) around the peak the 
source-drain current is positive which means 
that photogenerated holes move to the drain 
and electrons to the source. The last feature 
indicates that there is a substantial built-in 
lateral electric fi eld which separates excess 
carriers when  V  G  is around 4 V. We meas-
ured the  I  SD – V  D  curves at  V  G   =  0, 2 and 4 V, 
as shown in Figure  2b,c, and d , respectively, 
to estimate the lateral photovoltage. In each 
fi gure, results at fi ve different laser powers 
are shown. The photovoltage is very low 
at  V  G   =  0 V, which increases to about 0.1 V 
at  V  G   =  2 V and is as high as 0.22 V at  V  G   =  
4 V. The laser power mainly affects the cur-
rent. These results indicate the presence of 
considerable photovoltages at appropriate 
gate voltages and that the corresponding 
electric fi elds point into the direction from 
source to drain.  
© 2010 WILEY-VCH Verlag G
 In order to analyze the potential profi les of the device,  I  SD –
 V  G  curves are recorded as the laser spot is scanned from the 
source to the drain. [  20  ]  The laser was operated at full power and 
the drain voltage was set at  − 0.1 V. The results are shown in 
 Figure    3  . The color spots (labeled by numbers) in Figure  3b  
mark the laser spot positions and the results are shown in 
Figure  3a  by bold lines with the same corresponding colors 
(or numbers). The main features of the curves are signifi cantly 
affected by the position of the laser spot. When the laser spot 
is located near the source (as shown by the black curve at the 
bottom of Figure  3a ) the source-drain current decreases with 
increasing gate voltage and changes the sign when the gate 
voltage is very large. It is known that the gate voltage can adjust 
carrier densities, leading to the change in the relative distance 
between the conduction/valence band edge and the Fermi 
level. [  22  ]  As a result, the Schottky barrier shape at the contact 
will be changed. [  13  ]  In this device, the barrier height for elec-
trons at the source is lower than at the drain. At appropriate 
gate voltages, as shown by the middle sketch, the band bending 
direction at the source and drain contacts can be different. We 
therefore propose a schematic band diagram to explain the 
observed results, as shown in Figure  3c . As  V  G  increases, the 
barrier profi le near the source changes signifi cantly. At this 
point, local laser illumination generates many excess carriers, 
which are separated by the built-in electric fi eld, thus producing 
the photocurrent. At large negative and positive gate voltages, 
the electric fi eld has opposite directions, thus the current has 
opposite signs, as indicated by the black curve in Figure  3a . 
mbH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 3667–3671
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      Figure  3 .     a)  I  SD – V  G  curves recorded as the laser spot (b) is scanned from 
the source to the drain. The laser power is 400  μ W and the drain voltage is 
 − 0.1 V. The color in (b) defi nes the laser spot positions and the electrical 
results are shown in (a) by bold lines with the same corresponding colors. 
The characteristics of the curves are signifi cantly affected by the position 
of the laser spot. c) Schematic band diagram to interpret the observed 
results; changing the gate voltage causes a shift of the conduction and 
valence band edge, leading to a change of the Schottky barrier profi les 
at the source and drain contacts. In this device, the barrier height for 
electrons at the source is lower than at the drain. At appropriate gate 
voltages, as shown by the middle sketch, the band bending direction at 
the source and drain contacts can be different. The solid and open circles 
represent electrons and holes, respectively. S labels the source and D 
the drain.  
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When the laser spot is moved to the drain, as shown in the 
upper panel of Figure  3a , the fl owing direction of the current 
remains nearly unchanged due to the presence of the drain 
voltage, in contrast to the case when the laser spot is located 
near the source.  

 As the laser spot is scanned to the middle region of the 
channel, abnormal current peaks appear and the position 
of the peaks moves to higher gate voltages, as shown in the 
middle portion of Figure  3a . The appearance of the peaks indi-
cates that at appropriate gate voltages, photogenerated carriers 
can be effectively separated. We have found in Figure  2  that a 
large voltage in the source-drain direction can be induced. It is 
also known that switching of the bending direction of energy 
levels at the contact can be induced by the gate. [  25  ]  If the bar-
rier height for electrons at the source is lower than at the drain, 
such a built-in voltage will be naturally produced when the gate 
voltage increases to appropriate levels, where the band bends 
down at the source and bends up at the drain, as indicated 
in the middle sketch of Figure  3c . In the dark, the current is 
limited by the low injection of carriers at the contacts. In con-
trast, when the middle area of the channel is irradiated by the 
laser light, many carriers are generated in the SiNM and are 
separated by the electric fi eld, giving rise to a large current. 
© 2010 WILEY-VCH Verlag GAdv. Mater. 2010, 22, 3667–3671
Further increase in the gate voltage make the bands at the 
source and drain bend in the same direction again, hence the 
current decreases, which results in the decrease of the conduct-
ance and the observed negative transconductance. 

 To support the above discussions, we measured the current 
versus bias voltage curves with a grounded source and drain 
without using the gate; the black and red curves in S-Figure  2a  
are recorded when the bias is applied to the drain and source 
contacts, respectively. For negative bias voltages, the injection 
of electrons is much easier from the source, indicating that the 
barrier height for electrons at the source is lower than at the 
drain, [  26  ]  consistent with our assumption. For positive bias, 
the injection of holes is much easier from the drain, which 
means that the barrier height for holes at the drain is lower, or 
the barrier height for electrons at the drain is higher than at the 
source. [  26  ]  In addition, we measured  I  DS  (drain-source current) 
versus  V  G  curves at different source voltages when the drain 
was grounded, as shown in S-Figure  2b . During the measure-
ments, the source voltage was changed from 0 to 0.8 V and the 
laser light, at full power, illuminated the middle area of the 
channel. The barrier height for electrons at the source is lower 
than at the drain; therefore, the current peaks should appear 
when the source voltage is positive, which – indeed – is experi-
mentally revealed in S-Figure  2b . These results are consistent 
with Figure  3c . 

 Similar results can be realized in the device fabricated from 
20 nm thick SiNMs with either homo- or heterocontacts, which 
strongly support our interpretation.  Figure    4   shows the elec-
trical properties for the transistor made from the 20 nm SiNM 
with homocontacts. The results can be well explained by con-
sidering that the barrier height for electrons at the source is 
higher than at the drain. Figure  4a  shows the  I  DS – V  G  curves 
obtained in the dark (red curve) and when a laser light at full 
power illuminated the middle area of the channel (black curve). 
The drain voltage was 0.1 V. The corresponding  g  m  −  V  G  curve 
under laser illumination is shown in Figure  4b . An inversion 
of the transconductance from positive to negative can be seen 
at approximately  V  G   =  6 V. The  I  DS – V  D  curve recorded at this 
gate voltage indicates that the photovoltage is about  – 0.1 V, as 
shown in Figure  4c . The inset of Figure  4c  is used to sketch 
the operation of the device when the drain voltage is 0 V. A 
decrease or increase of the drain voltage from 0 V will move 
the band edge at the drain upwards or downwards, thus leading 
to the decrease or increase of the circuit voltage and the fi nal 
current, respectively. The current versus bias voltage curves 
in Figure  4d , without using the gate, indicate clearly that the 
barrier height for electrons at the source is higher than at the 
drain. Therefore, in SiNM-based Schottky barrier transistors, 
the effect introduced by the difference of the band bending at 
the source and drain contacts can be well manipulated by the 
gate to produce a lateral voltage. Having created this voltage, 
the photovoltaic effect emerges as the devices are excited by 
local laser illumination and causes the appearance of negative 
transconductance.  

 The negative transconductance we show here is induced by 
the photovoltaic effect in devices with both hetero- and homo-
contacts. The photovoltaic effect for heterocontacts can be easily 
understood by different Schottky barriers at the source and drain 
causing different degrees of band bending at the contacts of the 
3669mbH & Co. KGaA, Weinheim



3670

www.advmat.de
www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TI

O
N

      Figure  4 .     Negative transconductance in the device fabricated from 20 nm 
thick SiNMs. The length and width of the channel are approximately 12 
and 14  μ m, respectively. a)  I  DS – V  G  curves obtained in the dark (red curve) 
and when a laser spot at full power illuminates the middle area of the 
channel (black curve); the drain voltage is 0.1 V. b) Corresponding  g  m  −  V  G  
curve under laser illumination. c)  I  DS – V  D  curve measured when the gate 
voltage is 6 V and the middle part of the channel is irradiated by a full 
power laser spot. The inset band diagram illustrates the operation of the 
device when the drain voltage is 0 V. The solid and open circles represent 
electrons and holes, respectively. S labels the source and D the drain. 
d) Current vs. bias voltage curves without using the gate. The black/red 
curve is recorded when the source/drain contact is grounded and the bias 
voltage is applied on the drain/source contact. Here, the barrier height for 
electrons at the source is higher than at the drain.  
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devices. However, a similar behavior is also revealed for homo-
contacts, which we explain by thickness and strain fl uctuations in 
the thin top Si layer of the SOI wafers. The control of layer homo-
geneity is well-known as a crucial challenge in SOI technology. [  27  ]  
At the metal semiconductor contact, the metal’s electron wave 
function decays into the semiconductor, leading to the formation 
of a depletion layer on the semiconductor side of the interface. [  28  ]  
Such an electron wave function decay is expected to be sensitive 
to the properties of the semiconductor. It has been reported that 
both Si thickness and strain substantially affect the Schottky bar-
rier height of metal-Si contacts. [  29  ]  In our system, the SiNMs expe-
rience thickness fl uctuations of roughly 10% and varying internal 
strains. Considering that the channel has a length of 10–20  μ m 
(almost a thousand times longer than the channel thickness), it is 
reasonable to assume that the conditions, e.g. thickness fl uctua-
tions and strains of the SiNMs, at the source and drain are dif-
ferent, which result in different band bendings at the contacts. 

 In summary, we have demonstrated a gate-controlled pho-
tovoltaic effect and negative transconductance in locally illu-
minated ultrathin silicon nanomembranes used in Schottky 
transistors. Detailed measurements reveal that the observed 
effects originate from the difference in band bending at the 
source and drain contacts (even for homocontacts). Our results 
provide a useful method to disclose contact properties of nano-
materials and open alternative ways for novel nano-optoelec-
tronic devices based on the photovoltaic effect.  
© 2010 WILEY-VCH Verlag 
 Experimental Section 
 The Si nanomembranes (SiNMs) are part of silicon-on-insulator (SOI) 
wafers made by SOITEC Inc. Two types of wafers, with Si/SiO 2  thicknesses 
of 27/100 and 20/150 nm respectively, were used. The SiNMs have a 
boron doping level of 10 15  cm  − 3 . To fabricate the SiNM-based thin-fi lm 
transistors, we used a series of microelectronic processes, including 
photolithography, reactive ion etching, electron beam evaporation, 
thermal annealing etc. Briefl y, the original SiNMs were patterned by 
photoresist and etched by reactive fl uorine ions. Subsequently, patterns 
for the source and drain were defi ned. Ti (30 nm) or Cr/Au (2/30 nm) 
electrodes were realized by electron beam evaporation and liftoff. 
Improved electrical contacts were obtained by rapid thermal annealing in 
Ar at 500  ° C for 3 min with a ramping rate of 16  ° C/s. Each device has a 
SiNM channel, which is 10–20  μ m in length and width, and a Si back gate, 
as shown in Figure  1a . A laser spot with a diameter of 2–3  μ m provides 
local illumination. The 442 nm laser originates from a micro-Raman 
spectrometer system (InVia, Renishaw) and has a full power of 400  μ W at 
the focal point. The measurements were performed by a semiconductor 
parameter analyzer (Agilent, 4156C) at room temperature.  

    Supporting Information 
 Supporting Information is available online from Wiley InterScience or 
from the author.    
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