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A Multifunction Heterojunction Formed Between 
Pentacene and a Single-Crystal Silicon Nanomembrane
 A mesh patterned n-type single-crystalline silicon nanomembrane (SiNM) 
created from a silicon-on-insulator (SOI) wafer is complementally combined 
with a p-type pentacene layer to form a heterogeneous p-n junction on a 
fl exible plastic substrate. Excellent rectifying characteristics are obtained 
from the heterogeneous p-n diode. The diode also exhibits photosensitivity at 
visible wavelengths with a photo-to-dark current ratio exceeding four orders, 
a responsivity of 0.7 A/W, and an external quantum effi ciency of 21.9% at 
633 nm. Over 60% average transmittance in the visible spectrum is measured 
from the heterogeneous multilayer junction on a plastic substrate. Out-
standing mechanical bending characteristics are observed with up to 1.08% 
of strain applied to the diode. These results suggest that organic-inorganic 
heterogeneous integration may be a viable strategy to build fl exible organic-
inorganic heterojunction devices and thus enable a number of novel multi-
functional applications. 
  1. Introduction 

 In recent years, there have been many attempts to integrate 
inorganic and organic semiconductors to form hybrid struc-
tures in order to take the advantages of each material. [  1–14  ]  It 
has been shown in earlier reports that inorganic and organic 
hybrid combination has clear complementary advantages, such 
as high carrier mobility and wider absorption spectrum from 
the inorganic side, and low temperature solution processability 
and low-cost processability from the organic side. [  11–13  ]  Up to 
date, most organic-inorganic hybrid structured devices were 
demonstrated on rigid substrates, [  10  ]  since most inorganic 
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materials typically need a rigid platform 
for their deposition or growth. Among 
inorganic materials used for photovoltaic 
or photo-sensing applications, Si nanowire 
seems to be one of the favorable materials 
due to their good electrical conductivity, 
wide spectrum of light absorption and 
good light harvesting capability. [  12  ]  How-
ever, the increasing demands for foldable 
or ultralight photovoltaic or photosensing 
applications require the development of 
higher performance fl exible structures. 
To date, there are only very few reports 
describing fl exible organic and inorganic 
hybrid structure. To realize mechanical 
fl exibility in these hybrid structures, ZnO 
solution [  13  ]  or ZnO sol-gel [  14  ]  was used 
as electron transport layer or hole block 
layer. However, ZnO has innate limitation 
due to its wide bandgap, which is disad-
vantageous with regard to light absorption in the visible light 
spectrum. 

 The recent advances of releasable and transfer printable 
semiconductor nanomembranes (NMs), still inheriting the 
single crystal quality and the electronic properties of their bulk 
counterparts, [  15–17  ]  have enabled high performance inorganic 
semiconductors to be also applicable to fl exible substrates. [  18  ]  In 
this paper, we describe the formation and properties of hetero 
p-n junctions formed between organic and inorganic materials, 
using specially designed n-type single crystal SiNM and p-type 
pentacene on a plastic substrate. Current-voltage, photorespon-
sivity, optical transmittance and mechanical bending properties 
were characterized for the fl exible SiNM-pentacene p-n diodes.  

  2. Results and Discussion 

   Figure 1   schematically illustrates the representative processing 
steps for fabricating the single crystalline SiNM and pentacene 
heterojunction diodes. The hexagonal shape corresponds to 
about 73% empty area of the total area of the released SiNM. 
The purpose of forming the hexagonal shape is to improve 
transparency and mechanical fl exibility. The fi nished sample 
sitting on the PET substrates is bendable.

     Figure 2  a shows a microscopic image of the hexagonal SiNM 
that was transferred to a PET substrate. The left part of the 
SiNM is covered by Ti/Au metal. Figure  2 b shows a zoom-in 
microscopic image of the SiNM. The right part of the SiNM is 
covered by a pentacene layer. The inset illustrates the device 
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     Figure  1 .     Schematic illustration of the fabrication process fl ow. a) Begin-
ning with SOI (340 nm n-type top Si and 2000 nm buried oxide layer). 
b) N +  region was selectively doped to create an ohmic contact area using 
spin-on dopant. c) Patterning of active SiNM by RIE etching, followed by 
wet etching to undercut buried oxide layer. d) Transfer printing released 
SiNM to adhesive layer coated PET substrate with a PDMS stamp. 
e) Evaporation of pentacene on top of SiNM to form an organic-inorganic 
p-n junction. f) Metallization with e-beam metal evaporation to complete 
the fabrication process. g) The fi nished device is subject to bending.  
cross sectional structure. Figure  2 c shows a scanning electron 
microscopy (SEM) image of the SiNM-pentacene structure sit-
ting on a PET substrate and the inset shows the cross-sectional 
illustration of the image. Figure  2 d shows an atomic force 
microscopy (AFM) image of the deposited pentacene layer on 
top of the SiNM. The total device area is 1.82 cm 2  and the total 
non-empty area of the fabricated diode is 0.49 cm 2 .  

 The measured forward and reverse bias  I – V  characteristics of 
the Si-pentacene heterojunction diode are shown in  Figure    3  a. 
The diode shows good rectifying behavior. To model the diode 
and also to plot the related band diagram between SiNM and 
pentacene, we express the  I – V  using the non-ideal diode equa-
tion, which includes the associated series resistance, based on 
the thermionic emission theory [  19  ] 

 
I = Aeff A∗T 2 exp

(−qφB

kT

)
exp

(−q (V − I R)

nkT

)
  

(1)   
  

 where  V  is the applied voltage,  q  is the electronic charge,  n  is 
the ideality factor,  k  is the Boltzmann constant,  T  is the tem-
perature,  R  is the series resistance,  A  eff  is the active device area, 
 A   ∗   is the effective Richardson constant (112 A/cm 2  K 2  for n-type 
silicon) and   ϕ   B  is the barrier height. [  20  ]  At higher voltages, series 
resistance becomes dominant in the diode  I – V  characteristics. 
To analyze the series resistance effect,  Equation (1)  can be rear-
ranged in terms of current density as [  20  ,  21  ] 
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 To calculate the series resistance and the ideality factor,  Equa-
tion (2)  can be differentiated with respect to the current density 
( J ). By rearranging terms, we obtain d( V )/d(ln  J ) versus  J  plot.

 

d(V )

d(ln(J ))
= RAeff J + nkT

q   
(3)   

where  R  is the series resistance,  n  is the ideality factor. The bar-
rier height of junction can be defi ned by an equation of current 
density [  20  ,  21  ] 

 F (J ) = RAeff J + nφB  (4)   

where   ϕ   B  is the barrier height. 
 By plotting d( V )/d(ln  J ) versus  J , the series resistance  R  can 

be found from the slope and the ideality factor can be found 
from the  y -axis intercept. The calculated series resistance  R  is 
98 720 ohm and the ideality factor is found to be 1.94. This 
number is close to the ideality factor ( n   =  1.89) directly extracted 
from the measured  I – V  curve (Figure  1 a, in dark). The electron 
barrier height of the diode was determined using the plot of  F ( J ) 
versus  J  and found to be 1.03 eV under equilibrium. Based on 
the calculation and other known parameters, the SiNM-penta-
cene band diagram is shown in Figure  3 b. Based on Figure  3 b, 
the barrier height encountered by holes is only 0.28 eV, much 
smaller than that encountered by electrons, under forward 
bias condition. Therefore, in this diode holes are the dominant 
transport charge carriers. Thus the overall diode characteristics, 
such as the forward current level, are largely decided by penta-
cene. Since pentacene is relatively an ineffi cient hole injector, 
we observed low current density (2.8 mA/cm 2 ) and high series 
resistance. The higher value of ideality factor may be also par-
tially explained by the presence of native oxide on Si and/or 
possible degradation of pentacene layer. 

 The heterogeneous p-n diode was further characterized for 
photosensitivity. The results are also shown in Figure  3 a. The 
measured dark current density is lower than 2  ×  10  − 4  mA/cm 2  
up to −5 V bias and is weakly dependent on the reverse-bias 
voltage. The photocurrent under the illumination of the three 
visible lasers (red: 633, yellow: 594 and green: 532 nm) were also 
shown for comparison with the dark current. The diode, biased 
at –5 V, exhibits a photocurrent of 2.8 mA/cm 2 , 1.8 mA/cm 2  
and 1.2 mA/cm 2  under the illumination of the red, yellow, and 
green lasers, respectively. The different photocurrent levels 
under different wavelengths may be ascribed to their penetra-
tion depths into SiNM. For the case of the 532 nm laser illu-
mination, the ratio between the photo and the dark current is 
about 1.8  ×  10 4  and the calculated photo responsivity is 0.7 A/W 
at –5 V. Apparently, this heterogeneous diode can be used as 
a fl exible photodiode. The external quantum effi ciency of the 
photodiode is calculated using   η   EQE   =  ( I  ph / e )/( P  in /�  ν  ), where  I  ph  
is the photocurrent,  P  in  is the incident light power, and � ν  is the 
light energy. Figure  3 c shows the   η   EQE  under the different wave-
lengths in the range from 473 nm to 905 nm. The highest   η   EQE  
of 21.9% occurred at 632 nm. The drop of   η   EQE  at the shorter 
wavelengths is again presumably caused by their very shallow 
penetration depth. The SiNM is mainly responsible for the 
measured photosensitivity of the p-n diode, because it is known 
3399wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  2 .     a) Microscopic image of transferred SiNM grid on PET substrate. b) Microscopic 
images of SiNM (left)/pentacene (right) heterojunction. The inset shows the cross section 
of the heterostructure. c) SEM image of SiNM and deposited pentacene layer sitting on SU-8 
coated PET substrate. The inset shows the detailed layer structure. d) AFM image of deposited 
pentacene on Si NM. The average pentacene grain size is 180 nm.  
that the optical absorption of pentacene layer is less than 10% 
in the most of visible wavelength range and only has relatively 
low absorption in the range of 600–700 nm. [  9  ,  27  ]  However, com-
pared to the device which has a similar structure (pentacene/n-
type rigid Si) our device shows fi ve times lower photorespon-
sivity. [  28  ]  The relatively low photo responsivity of the p-n diode 
is because the SiNM is very thin. Low photoresponsivity and 
  η   EQE  could be further improved by applying thicker SiNM or 
refl ector layer on the plastic substrate. [  29  ,  30  ]  

 Both SiNM and pentacene are mechanically fl exible. 
Applying these materials on fl exible PET substrates make a 
fl exible structure. The mechanical bending effects on the char-
acteristics of the fl exible diode were characterized.  Figure    4  a 
shows the  I – V  characteristics of the diode as a photodetector 
under shining of 633 nm light and different convex bending 
radii ranging from 77.5 mm to 15 mm. The calculated tensile 
strain due to bending ranges from 0.25% to 1.08% by the fol-
lowing equation: Strain(%)  =  1/[(2 R / Δ  R ) + 1], where  R  is the 
fi xture radius,  Δ  R  is the thickness of the bended object.  Δ  R  
includes the thickness of PET substrate, SU-8 layer, SiNM, and 
pentacene layer. Figure  4 b plots the photocurrent change (at 
–5 V bias) as a function of the bending strain. Before bending, 
the external quantum effi ciency is 21.9% and the photorespon-
sivity was 0.7 A/W at –5 V. Under bending with the application 
of 1.08% strain, the photocurrent at −5 V bias slightly increases 
from 2.8 mA/cm 2  to 3.3 mA/cm 2 . The corresponding external 
quantum effi ciency and photo responsivity increase to 25.1% 
and 1.08 mA/W, respectively, at the same bias. Figure  4 c show 
the overall diode image under bent condition.  
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, We
 To understand the performance change of 
the photosensitive diode during bending, a 
Horiba LabRAM ARAMIS Raman confocal 
microscope was used to examine the strain 
status of the diode materials. A 50 ×  objec-
tive was used to focus 18.5 mW of He-Ne 
(632.8 nm) laser light onto the sample sur-
face with a spot size of about 1  μ m and 
spectrometer resolution of 0.045 cm  − 1 . With 
this spot size, the actual laser power directed 
to the sample is  ≈ 6.9 mW.  Figure    5   shows 
the Raman spectrum of the pentacene and 
SiNM without and with bending (1.08% ten-
sile strain). The Raman peaks at 1158 and 
1178 cm  − 1  originate from the C-H in plane 
vibration and the peaks at 1340 and 1390 cm  − 1  
(not shown) originate from the C-C aromatic 
stretching vibration. The C-C peaks indicate 
the intermolecular interactions, while C-H 
interaction is the evidence of the in-phase and 
out-of-phase intermolecular coupling. There-
fore, by observing the C-H interaction under 
bending conditions, the molecules’ coupling 
status can be inspected. Before applying 
bending, three peaks, which indicate the 
vibration modes of pentacene, at 1155.2 cm  − 1  
( ν  1 ), 1157.0 cm  − 1  ( ν  0 ), and 1162.0 cm  − 1  ( ν  2 ) 
can be de-convoluted using the Gaussian/
Lorentzian function in the wave number 
range of 1140 cm  − 1  to 1170 cm  − 1 . Under the 
bending (1.08% tensile strain) condition, the  ν  0  peak shifts from 
1157.0 cm  − 1  to 1158.4 cm  − 1 , while the  ν  1  and  ν  2  peaks remain 
similar to 1155.3 cm  − 1  and 1162.3 cm  − 1 , respectively. The shift 
of the  ν  0  peak indicates that pentacene is under stretching 
due to the tensile strain applied. The Si Raman peak shifts 
from 522.1 cm  − 1  to 519.7 cm  − 1  under the bending condition, 
also indicating the tensile strain being applied to the SiNM. 
Previous study showed that the difference between  ν  0  and  ν  1  
( Δ   ω  ) is highly related to mobility improvement of pentacene 
layer. [  22  ,  23  ]  We therefore expect that the strain applied to penta-
cene has improved the pentacene mobility. It is also known that 
uniaxial tensile strain of Si enhances both electron and hole 
mobility of SiNMs by the deformation of crystal lattice. [  24–26  ]  
Therefore, the observed photocurrent increase under bending 
can be explained on the basis of hole mobility increase in both 
Si and pentacene.  

 The mesh structure design of the thin SiNM along with 
pentacene is expected to provide high optical transparency of 
the heterogeneous diode structure. The transmittance spec-
trum of the diode sample including its 250  μ m PET substrate 
and the adhesive SU-8 layer is shown in  Figure    6  a, along with 
the spectra of PET only, PET/SU-8 and Pentacene/SU-8/PET 
for comparison. With such multiple layers that consists of a 
250  μ m thick PET, an average transmittance of 63% in the vis-
ible range (400–750 nm) was still measured. Using the same 
confi guration, but without the SiNM layer, an average trans-
mittance of 69% in the visible range was observed. The small 
degradation of transmittance with the presence of the SiNM 
is ascribed to the patterned hollow hexagonal structure in the 
inheim Adv. Funct. Mater. 2013, 23, 3398–3403
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     Figure  3 .     a) Current-voltage characteristics of the diode in dark and under 
illumination of lasers with wavelengths of 532, 594, and 633 nm, respectively. 
The laser light intensity is 5 mW. b) Calculated band diagram of SiNM-penta-
cene heterojunction. c)   η   EQE  spectrum as a function of various wavelengths 
from 473 nm to 905 nm. The line is to aid the view of the fi gure.  

     Figure  4 .     Characterizations SiNM-pentacene diode under mechanical 
bending. a) Measured photocurrent of the diode under different bending 
strain. b) Plot of photocurrent change as a function of strain. c) An optical 
image of the diode under bending.  
SiNM, besides its thinness. Evidently, the SiNM-pentacene 
heterostructure itself displays high transparency. An optical 
image of the diode sample exhibiting transparency is shown in 
Figure  6 b. Combined with the displayed features of the SiNM-
pentacene diode, including the rectifi cation, the photo sensi-
tivity, the bendability and the transparency, the heterogeneous 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 3398–3403
organic-inorganic p-n junction diode could be used for many 
functional devices.   

  3. Conclusion 

 We demonstrated a multifunction organic-inorganic hetero-
geneous p-n junction by complementally combining fl ex-
ible single-crystal n-type silicon nanomembrane and p-type 
3401wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  5 .     Raman spectra of the SiNM-pentacene diode without and with 
bending. The Gaussian/Lorentzian functions used for the de-convolution 
of overlapped Raman peaks. C-H in plane vibration is displayed at the 
peaks of 1158 and 1178 cm  − 1 . Under bending (tensile strain applied), the 
 ν  0  band shifts from 1157.0 cm  − 1  to 1158.4 cm  − 1  and the Si peaks shifts 
from 522.1 cm  − 1  to 519.7 cm  − 1 .  

     Figure  6 .     a) The transmittance spectra of a bare PET substrate, PET 
coated with SU-8, pentacene on SU-8 coated PET and the fi nal device 
structure consisting of pentacene/SiNM/SU-8/PET. b) An optical image 
of the sample showing its transparency.  
pentacene layer on a plastic substrate. The heterostructure 
exhibits mechanical fl exibility, optical transparency, rectifying 
and photosensitive characteristics. The successful functional 
integration between organic and special form inorganic mate-
rials suggests that such heterogeneous integration approach 
could be a viable strategy to fabricate fl exible organic and 
inorganic hybrid devices. Although we used pentacene as an 
example in this work, other polymer semiconductor materials 
may also be applied.  

  4. Experimental Section 
  Device Fabrication : The fabrication began with a silicon-on-insulator 

(SOI) wafer (Soitec Unibond with a n-type 340 nm top Si layer with 
doping level of 1.0 − 4.0  ×  10 15 /cm 3 ) (Figure  1 a). Heavily doped regions 
were formed on the template layer for an ohmic contact via phosphorous 
diffusion using a spin-on-dopant (P509, Filmtronics, USA). The drive-in 
diffusion process was carried out at 800  ° C by rapid thermal annealing 
for 30 min (Figure  1 b). After fi nishing photolithography and reactive 
ion etching (RIE) steps for defi ning the hexagonal mesh on the top of 
Si template layer, the 2  μ m buried oxide layer of the SOI was undercut 
with concentrated (49%) hydrofl uoric acid. The released top Si layer 
forms SiNM, which mechanically very fl exible, and is ready to be 
transferred to a foreign substrate (Figure  1 c). By utilizing an elastomeric 
polydimethylsiloxane (PDMS) stamp, the released SiNM was picked 
up and transferred to a 250  μ m thick polyethylene terephthalate (PET) 
substrate that was pre-coated with 1.5  μ m SU-8 as an adhesives layer 
(SU-8 2002, Microchem) (Figure  1 d). On top of the transferred SiNM, 
70 nm thick pentacene thin fi lm was thermally evaporated with a 
deposition rate of 0.3 Å/s (Figure  1 e), followed by metal evaporation of 
Ti/Au of 5 nm/350 nm for electrodes (Figure  1 f). The fi nished sample 
sitting on the PET substrates is bendable (Figure  1 g). 

  Device Characterization : The  I – V  characteristics were measured using 
a semiconductor parameter analyzer (HP4155B) in the dark to avoid 
any light induced photocurrents. The photosensitivity of the organic-
inorganic heterojunction photodetector was characterized using different 
laser wavelengths ( λ ) (473, 532, 594, 632, 685, 760, 850, and 905 nm), 
2 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
all at a power intensity of 5 mW. The laser beam spot diameter is 800  μ m 
and the laser shining area is 0.005 cm 2 . The non-empty (effective) area 
receiving laser light is 0.00135 cm 2 .  
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