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 Solar cells based on crystalline silicon offer high effi ciency but 
they are expensive not only due to the cost of the silicon wafers 
but also due to the high temperatures required to fabricate p–n 
junctions. [  1  ,  2  ]  The alternative approach using organic solar cells 
is potentially cheaper due to low-temperature processing, but 
the organic devices are not very effi cient. [  3  ]  Here we demon-
strate a hybrid approach to solar cells in which an organic sem-
iconductor deposited on top of silicon at low temperatures is 
used to replace the silicon p–n junction, It must also be noted 
that in the hybrid solar cell light is still predominately absorbed 
in silicon, so the effi ciency can theoretically be very high, but 
the junction formation is done at room temperature so man-
ufacturing costs are low. Thus, a hybrid device exploits the 
advantageous properties of both organic and silicon to enable 
potentially low-cost and effi cient solar cells. 

 Previous work on hybrid silicon-organic heterojunction photo-
voltaic devices has demonstrated a low power conversion effi -
ciency of 2 to 5%, [  4–7  ]  and the crucial role of band offsets on 
open-circuit voltage and photocurrent was not clarifi ed. 

 In this work, we identify and experimentally demonstrate 
how the design of band offsets at the silicon/organic interface 
relates to both electrons and hole currents. We show that using 
careful band-engineering, both the photocurrent and open-
circuit voltage can be independently tuned in these devices. We 
then use these insights to demonstrate an unoptimized silicon/
organic heterojunction cell with 10.1% AM1.5 effi ciency. 

 While light is easily absorbed in crystalline silicon, extraction 
of the photogenerated electrons and holes typically requires 
the fabrication of a p–n junction. [  1  ,  2  ]  On the surface of a n-type 
wafer, the p-type layer ( Figure    1  a) serves two functions: 1) it 
creates a built-in electric fi eld to separate the photogenerated 
electrons and holes to yield a photocurrent (solid lines in 
Figure  1 a) and b) it presents a barrier to electrons, reducing 
their recombination at the anode (dotted line in the conduction 
band in Figure  1 a). Lower electron recombination leads to a 
lower saturation current density of the device ( J  0 : also called the 

pre-exponential constant), which in turn leads to a larger open 
circuit voltage ( V  OC ) according to the well known relation: [  8  ]

  
VOC = nkT

q
ln

(
Jsc

J0

)
  

(1)
   

   where,  J  SC  is the short-circuit current density and is generally 
equal to the photocurrent,  q  is the charge of an electron,  n  is 
the ideality factor,  k  is the Boltzmann constant, and  T  is the 
temperature. To attain high open-circuit voltages, the satura-
tion current density needs to be very low. The saturation cur-
rent density of well engineered p–n junctions can be as low 
as 10  − 13  A cm  − 2 , which allows these cells to achieve very high 
power conversion effi ciencies ( > 20%). [  2  ]  However the perform-
ance comes at a price; the high temperatures and ultraclean 
materials required to fabricate the p–n junction make these 
solar cells very expensive. 

 The Schottky barrier, fabricated by depositing a metal with 
high work function on n-type silicon, could be a lower-cost 
alternative to p–n junctions. As is the case for p–n junctions, it 
has a built-in electric fi eld that can separate electrons and holes, 
generating a high photocurrent (Figure  1 b). However, the bar-
rier that impedes the recombination of electrons at anode is 
relatively small, resulting in a saturation current density that 
is typically much larger than that of p–n junction diodes 
( > 10  − 7  A cm  − 2 ). [  9  ]  This is also the reason why the open-circuit 
voltages of Schottky barrier solar cells are only 0.3 V. [  10  ]  instead 
of 0.6 to 0.7 V typical for p–n junction silicon solar cells. [  2  ]  

 The work described in this paper improves the photovoltaic 
performance of the Schottky barrier device by reducing the elec-
tron recombination at the anode. This is achieved by inserting 
an organic semiconductor, with a wider energy gap than 1.1 eV, 
between the silicon and the metal (Figure  1 c), such that the 
lowest unoccupied molecular orbital (LUMO) of the organic is 
much higher than the conduction band minimum ( E  C ) of Si. 
This  E  C –LUMO offset presents a large barrier, confi ning the 
electrons in silicon, which otherwise would have recombined at 
the anode. This should lead to a lower saturation current density 
and hence a larger open-circuit voltage. However to maintain 
the short-circuit current, the organic layer must not block the 
photogenerated holes traveling from silicon to anode (Figure  1 d, 
illustrates the counter example). The hole barrier, given by the 
 E  V –HOMO offset, should be very small, i.e., the HOMO of the 
organic should also be very close to valence band maximum 
( E  V ) of the silicon. Finally, to minimize resistive losses, the hole 
mobility of the organic layer should also be reasonably high. 

 Formation of such straddling gap (type I) heterojunc-
tions on silicon using inorganic semiconductors is a diffi cult 
problem. [  11  ,  12  ]  However, organic semiconductors can be easily 
layered on top of silicon using low-cost solution processing. 
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characteristics were measured with and without light. The 
active area of the device, as defi ned by the top electrode, was 
3.1  ×  10  − 2  cm 2 . To allow light absorption in Si, the top metal 
(Pd) electrode in these devices was made semi-transparent by 
keeping it very thin (15 nm).  

 The current–voltage characteristics measured in the dark 
for the different thicknesses of P3HT layer (2, 10, and 25 nm) 
and a control device without P3HT are shown in Figure  2 b. 
Clearly the currents in forward and reverse bias are lower for 

Organic semiconductors also offer a large design space to tailor 
the physical and electrical properties of thin fi lms by manipu-
lating the chemical structure. [  13  ]  All these advantages make the 
task of designing and fabricating silicon/organic heterojunc-
tions (SOH) considerably simpler. 

 In this report we have used a well-known conducting polymer 
poly(3-hexylthiophene) (P3HT). The highest occupied mole-
cular orbital (HOMO) and LUMO edges of P3HT are at 5.1 eV 
and 3.2 eV, respectively, [  14  ]  compared to 5.17 eV and 4.05 eV 
for  E  V  and  E  C  of silicon, respectively. Thus we expect a large 
 E  C –LUMO barrier of  ≈ 0.8 eV, and a negligible  E  V –HOMO barrier 
at the silicon/P3HT interface. Among organics thin fi lms, P3HT 
also boasts of a high bulk mobility of  ≈ 10  − 4  V cm  − 1  s  − 1 . [  15  ]  

 To experimentally verify that the Si/P3HT interface satisfi es 
the two key band-alignment criteria, diodes with the structure 
shown in  Figure    2  a were fabricated, and their current–voltage 

    Figure  2 .     Effect of P3HT layer on current-voltage characteristics. A) Struc-
ture of the device. The device area is 3.14  ×  10  − 2  cm 2 . B) Current–voltage 
characteristics in the dark of SOH diodes with different P3HT layer thick-
nesses. C) Current–voltage characteristics of the same devices under 
illumination. To illustrate the detrimental effect of large HOMO– E  V  offset 
(Figure 1d), the characteristic of a silicon/PQ/pentacene heterojunction 
is also shown.  
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    Figure  1 .     Band diagrams of photovoltaic devices under small forward 
bias. The fi lled and hollow dots represent electrons and holes, respec-
tively. The dashed lines represent the dark current, or equivalently, the 
current due to recombination. The bold lines show the photogenerated 
current. A) A p–n junction solar cell. B) A silicon/metal Schottky bar-
rier solar cell. C) An silicon/organic heterojunction solar cell with a large 
LUMO– E  C  offset to block electron recombination at the metal anode. 
D) An silicon/organic heterojunction solar cell with a large HOMO– E  V  
offset, so the photogenerated hole current is impeded.  



5764

www.advmat.de
www.MaterialsViews.com

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TI

O
N

wileyonlinelibrary.com Adv. Mater. 2011, 23, 5762–5766

In summary, hole barriers due to non-zero  E  v –HOMO offset 
severely degrade device performance. 

 For even further improvements in saturation current density 
of the Si/P3HT device, an understanding of the dominant com-
ponent of the dark current is required. For a n-Si/metal device in 
forward bias, the electron current dominates saturation current 
density (the dotted line in the conduction band of Figure  1 b). 
However, the minority carrier (hole) current, from the metal to the 
n-type silicon (the dotted curve in the valence band of Figure  1 b), 
also contributes a small part to the saturation current density. [  19  ]  
We have already established that  E  c –LUMO barrier at the P3HT/
Si interface blocks the electrons (majority carriers) but has little 
effect on the holes (minority carriers). Therefore, in the devices 
with P3HT, it is possible that the electron current is reduced to 
a point where the hole current starts to dominate the saturation 
current density. Further increases in open-circuit voltage would 
then require a reduction in the hole injection rather than reduc-
tion in electron injection. 

 It is well known that the minority carrier injection cur-
rent into n-type silicon at a given voltage can be reduced by 
increasing the n-type doping level ( N  D ) and/or increasing 
the minority carrier lifetime in the silicon (  τ   R ), as give by the 
relation [  20  ]

  
Jminority ∝ 1

ND

1√
τR   

(2)
   

  To test the hypothesis that holes might be the dominant 
source of dark current, we switched from wafers grown by a 
Czochralski (CZ) process, used in the experiments of Figure  2 , 
to wafers grown by the fl oat zone (FZ) process. FZ wafers have 
higher   τ   R  of  ≈ 10 ms [  21  ]  compared to  < 1 ms for CZ wafers. [  22  ]  The 
doping of these wafers was also 6  ×  10 15  cm  − 3 , which is higher 
than doping of the CZ substrates used in earlier experiments 
( ≈ 4  ×  10 14  cm  − 3 ). These higher doped FZ substrates resulted in 
an even higher  V  OC  of 0.45 V ( Figure    3  ), suggesting that the 
dark currents in P3HT/Si devices of Figure  2  were indeed dom-
inated by hole injection from the anode into silicon, and not 
electron injection from silicon into the anode.  

 To decrease light absorption in the semitransparent anode, 
the blanket Pd layer was replaced by a spin-coated 80 nm thick 
layer of the conductive organic poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS). This PEDOT:PSS layer is 
far more transparent than the Pd layer, but not as conductive in 
the lateral direction. To improve the lateral resistance, a metal 
grid shadowing  ≈ 10% of the surface area was also integrated 
on top of the PEDOT:PSS electrode ( Figure    4  a). The metal grid 
itself consisted of a 15 nm layer of Pd and a 250 nm thick layer 
of Ag. This dual metal layer is important because it allowed the 
electrode to have a high work function (due to Pd) as well as 
low resistivity (due to Ag). The active area of the solar cell is 
4 mm  ×  4 mm.  

 In dark, the current-voltage characteristics of SOH device 
clearly shows a diode-like behavior (Figure  4 b). For compar-
ison a Si/metal Schottky barrier device without the organic 
layer and only the metal grid was also measured (Figure  4 b). 
The SOH device has a much lower  J  0  ( ≈ 9  ×  10  − 9  A cm  − 2 ) than 
the Si/metal device ( ≈ 4  ×  10  − 7  A cm  − 2 ). The ideality factor 
of the heterojunction device is 1.37, while that of the Si/metal 
device is 1. 

devices with thicker P3HT fi lms. The diode saturation current 
density, extracted from the intercept on the vertical axis from 
the log(current)–voltage graph, falls from a high of 10  − 6  A cm  − 2  
for diodes with no P3HT to 3.7  ×  10  − 9  A cm  − 2  for diodes with 
P3HT. It is well known that the dark current in a Schottky diode 
is dominated by majority carrier injection (electron injection 
in n-type Si) into the metal anode, [  16  ]  so this reduction in cur-
rent is clear evidence for reduced electron current. P3HT is an 
ambipolar conductor that conducts electrons [  15  ]  but the currents 
in these devices do not scale exactly with P3HT thickness. This 
allows us to further conclude that the shift in curves is not just 
due to a resistive drop across the P3HT layer but is due to the 
electron barrier at the Si/P3HT interface. 

 To test the transport of holes, current–voltage characteristics 
were measured under illumination from a microscope lamp 
(Figure  2 c). The intensity of the lamp caused a short-circuit 
current of  ≈ 4 mA cm  − 2  in a commercial silicon diode with an 
antirefl ection coating and no blocking metal, roughly corre-
sponding to one-tenth the intensity of sunlight. At zero bias, 
holes that are photogenerated in silicon must cross the Si/P3HT 
interface before being collected at the anode. Any impediment 
in this transport due to a barrier between the valence band 
and the HOMO of P3HT would lead to a reduced short-circuit 
current. In devices both with and without P3HT, the values of 
short-circuit current were similar ( ≈ 2 mA cm  − 2 ). This suggests 
a lack of any hole barrier, hence the HOMO of the P3HT must 
be is closely aligned to the valence band edge of silicon. 

 As mentioned before, the  J  0  of the best heterojunction device 
is lower than  J  0  of the Schottky device, 3.7  ×  10  − 9  A cm  − 2  instead 
of 1.0  ×  10  − 6  A cm  − 2  (Figure  2 ). Furthermore, the ideality factor 
( n ) of the Si/metal Schottky device is equal to 1, while for SOH 
devices  n  is equal to 1.2. Substituting both these parameters in 
 Equation 1  at a photocurrent of  ≈ 2 A cm  − 2 , we can calculate the 
theoretical open-circuit voltage, which for the heterojunction 
cells is expected to be 0.20 V higher than for Schottky devices. 
This is confi rmed in experiments, where the measured  V  OC  
shows an increase from 0.20 V to 0.41 V. Overall the results 
are consistent with the proposed mechanism, where the larger 
electron barrier results in a lower saturation current density. 

 To illustrate the detrimental effect of a hole barrier, we fab-
ricated organic heterojunction diodes with a known non-zero 
of  E  v –HOMO offset (band structure in Figure  1 d). The inter-
face between n-type Si and 9,10-phenanthrenequinone (PQ) is 
a system with a known  E  v –HOMO offset (0.6 eV). [  17  ]  Pentacene 
is a well-known hole conductor with HOMO and LUMO energy 
levels of 5.0 eV and 2.8 eV respectively, [  18  ]  which gives the 
Si/pentacene interface a large  E  c –LUMO offset (1.4 eV). If both 
organics, PQ and pentacene, are deposited on silicon to form 
Si/PQ/pentacene heterojunction, the resulting diodes will have 
large offsets at both the conduction and valence bands. Thus 
a Si/PQ/pentacene diode would block not only electrons but 
holes as well,. Figure  2 c shows the current–voltage character-
istic under illumination of one such diode. The electron bar-
rier reduces  J  0 , allowing a high open-circuit voltage of 0.4 V. 
Unfortunately, the hole barrier blocks the photocurrent as well 
and the fi ll factors are very poor. The performance of the cell 
is degraded to such an extent by the  E  v –HOMO offset that the 
despite the increase in  V  OC , the power conversion effi ciencies of 
Si/PQ/pentacene diodes is lower than that of Si/metal devices. 
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the device is 10.1%, which could be improved by lowering the 
series resistance, for example by using a fi ner metal grid. 

 In summary, we have demonstrated a hybrid silicon/organic 
heterojunction for photovoltaic applications that is a viable 
low-temperature alternative to the traditional p–n junctions for 
silicon-based solar cells. We have outlined the crucial design 
parameters for effi cient photovoltaic operation on n-type silicon 
wafers: 1) a low offset between silicon valence-band and the 
HOMO for a high photocurrent and 2) a large offset between 
the silicon conduction band and organic LUMO for a high 

 Under AM 1.5 illumination, the reduced  J  0 , leads to an 
increased open-circuit voltage (Figure  4 c). The hybrid hetero-
junction device has an open-circuit voltage of 0.59 V. At this 
early stage of demonstration, this compares very well with 
highly engineered silicon solar cells with diffused p–n junc-
tions, which typically exhibit open-circuit voltage of 0.6–0.7 V. 

 The measured short-circuit current density is 29 mA cm  − 2 , 
which is only about 30% lower than the theoretical maximum 
of 42 mA cm  − 2 . [  2  ]  Using a calibrated silicon diode, we have 
performed transmission experiments to measure the absorp-
tion losses in the layers on top of silicon. The PEDOT:PSS/
P3HT stack accounts for a 9% reduction in short-circuit cur-
rent, while the top metal grid accounts for a further 10% reduc-
tion in short-circuit current. The rest of the loss in short-circuit 
current ( ≈ 10%) can be accounted for by the refl ections off the 
silicon and organic surface, which at present has no light trap-
ping or antirefl ection structures. The overall power effi ciency of 

    Figure  3 .     Effect of silicon substrate type. A) Current–voltage characteris-
tics in dark for P3HT/silicon devices with different substrates. B) Current–
voltage characteristics under illumination of the same set of devices.  
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    Figure  4 .     Solar cell. A) Structure of the Si/P3HT heterojunction solar cell. 
B) The current–voltage characteristics in the dark of a SOH solar cell and 
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istics of the same devices under AM1.5 illumination.  
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open-circuit voltage. The silicon/P3HT interface satisfi es these 
requirements and using it we have demonstrated a 10.1% effi -
cient silicon/organic heterojunction solar cell. Silicon/organic 
hybrid heterojunctions are a new approach towards photo-
voltaic devices that harness the advantageous properties of both 
organic and inorganic materials.  

 Experimental Section 
 Unless otherwise stated, all devices were fabricated on crystalline 
phosphorous-doped silicon wafers. Regioregular ( > 95%) P3HT with an 
average molecular weight of  ≈ 46 000 g mol  − 1  was bought from Merck 
KGaA and high-conductivity grade PEDOT:PSS (2.2–2.6% in H 2 O) was 
bought from Sigma Aldich. 

 Device fabrication began by fi rst cleaning the silicon surface by 
the RCA recipe [  23  ]  followed by a HF dip to etch away the native-oxide 
layer. On top of this H-passivated surface the organic layer (P3HT) 
was spin-coated from a solution in chlorobenzene. To vary the P3HT 
layer thickness, the concentration of P3HT in the casting solution was 
changed. If needed, the PEDOT:PSS layer was also deposited by spin-
coating. The top and bottom metal electrodes were deposited by thermal 
evaporation in a vacuum chamber with base pressure of 10  − 6  mbar. 

 All layer thicknesses were measured by a KLA-Tencor surface 
profi lometer .  Electrical measurements were acquired with an Agilent/
Hewlett-Packard 4155 parameter analyzer. For AM 1.5 measurements, a 
xenon lamp solar simulator (Opti-Beam 1000 manufactured by Optical 
Radiation Corporation) was used and provided illumination nominally at 
AM 1.5G (1000 W m  − 2 ) over a 6-in. diameter circle. The power density 
in the center  ≈ 4.5 cm 2  of the simulator output was measured using 
a bolometer to be 103 mW cm  − 2  (vs. the expected 100 mW cm  − 2  for 
AM1.5), implying that the photon fl ux of the simulator was within 3% of 
a true AM 1.5 illumination. All measurements were taken at the center of 
the light beam so spatial non-uniformity is not expected to be an issue. 
As measured by a silicon photodiode (manufactured by United Detector), 
day-to-day variations in the light intessity were typically less than 3% and 
were corrected for before a photovoltaic device was tested. While the 
absolute power level of the simulator was calibrated, the distribution of 
power across the optical spectrum was not checked. The uncorrected 
spectrum could cause an error in the reported AM1.5 effi ciencies, so to 
be cautious the error in our power calibrations was estimated to be less 
than 10%.  
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