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Abstract 

 

We present a highly efficient hybrid heterojunction photovoltaic (PV) cell with a colloidal 

inorganic nanocrystal (NC) electron donor and an organic electron acceptor. The heterojunction is 

formed by a thin film of cross-linked PbS NCs and a vacuum deposited C60 layer. Compared to 

the PbS-only PV cell, the heterojunction device has improved the power conversion efficient 

(PCE) from 1.6 % to 2.2 % under one sun of simulated Air Mass 1.5 Global (AM 1.5G) 

irradiation. The C60 layer effectively prevents exciton quenching at the NC/metal interface, as 

evidenced by a significant improvement in fill-factor (FF) of the heterojunction devices. In 

addition, a slightly larger open-circuit voltage (VOC) obtained in the heterojunction devices also 

suggests that there is an efficient charge transfer between PbS NCs and C60 through the NC 

surface linkers to generate a depletion region. This is further supported by the photoluminescence 

(PL) quenching experiment of the hybrid system. 
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 Solution processable thin film photovoltaic (PV) devices based on organic electron donor 

and acceptor materials have recently achieved over 6 % power conversion efficiency (PCE).
1
 

Owing to the large energy bandgap (> 1.8 eV) of those organic materials, only the visible region 

in the solar spectrum can be harvested, leaving ~50 % of the solar irradiance abandoned. 

Colloidal semiconductor nanocrystals (NCs) are believed as an alternative or a complementary 

material that is compatible with the low-cost solution processes for PV application. By 

controlling the size of the NCs during the synthesis, light absorption can be tuned in a wide 

spectral range from infrared (IR) to visible. PbS NC is one of the prototypical materials used in 

PV application. Schottky-type PV cells based on PbS NCs have been reported with a PCE of 1.7-

1.8%. 
2,3

 It has also been demonstrated that a Schottky-type PV cell fabricated with a single layer 

of ternary PbSXSe1-X NCs can achieve a PCE as high as 3.3 %.3 However, the maximum open-

circuit voltage (VOC) of such a Schottky-type PV cell is limited to the half of the energy bandgap 

(Eg) of the NC.4 Moreover, surface recombination centers as commonly present in the 

semiconductor/metal interfaces also lower the quantum yield of the device. Therefore, it is 

believed that a p-n or a p-i-n type heterojunction structure can overcome the limitations and 

enhance the device efficiency by increasing the VOC and shifting the exciton dissociation region 

away from the metal electrode. However, a few major criteria have to be met for an efficient 

heterojunction device: the combination of the energy levels of the donor and acceptor materials 

should provide a considerable built-in potential to dissociate the photo-generated excitons; the 

electron coupling between the donor and acceptor materials should be strong enough to facilitate 

exciton dissociation and charge transport at the heterojunction. In addition, since the surface 

ligands play a key role in determining the interaction between the donor and acceptor materials in 

the heterojunction device, and thus affect directly the electronic properties of the heterojunction 

devices, the long chain insulating surface ligands that are commonly used to cap the colloidal 

NCs during synthesis must be removed or replaced in order to make the NCs electronically active. 

In the recent work on PbS/C60 hybrid heterojunction devices, Dissanayake et al have significantly 
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improve the short-circuit current density (JSC) of their devices, however the VOC is largely 

reduced.
5
 The PCE of their hybrid heterojunction PV cell is lower than 0.5 %. Since the NC thin 

film was treated in methanol in their case to remove the surface ligands, the process of which 

might lead to the increase of surface trap density and thus alter the energy alignment at the 

heterojunction. 

In this work, we demonstrate a highly efficient hybrid heterojunction PV cell with cross-

linked PbS NCs and a C60 layer. The heterojunction cell has a significant improvement in PCE. 

The achieved efficiency in the heterojunction cell is the highest among those similar material 

systems and the PbS NC only PV cells reported in the literature. Detailed discussions are given 

on the electrical and optical characterizations of the heterojunction devices.  

 

Colloidal PbS nanocrystals were synthesized according to the methods reported by Hines 

et al 6 and Liu et al 7 with modifications. The synthesized PbS NCs were ~4 nm diameter and 

capped with oleic acid (OA) as the surface ligand. The first excitonic transition λex1 of the NCs 

was at 1220 nm. The NCs were purified by using a combination of solvent/nonsolvent pairs 

(toluene/methanol first, hexanes/acetone second). For the PV cell fabrication, indium-tin-oxide 

(ITO) coated glass was used as the anode. Immediately prior to device fabrication, the ITO glass 

was cleaned by ultra-sonic baths of organic solvents and UV-ozone treatment for 15 min. A 5 

mg/mL solution of PbS-OA in chloroform was used to prepare the active layer. The cross-linked 

PbS NC thin films were fabricated with the layer-by-layer method reported by Nozik et al.8 1,3-

benezendithiol (BDT) was used as the cross-linker to replace the OA surface ligand and bridge 

the NCs. Instead of using dip-coating, we employed successive spin-casting to prepare the NC 

layers. Each step produced a 7 ~ 8 nm of PbS-OA film corresponding to 1-2 monolayers of the 

NCs, and then the film was soaked into a 0.02 M BDT solution in acetonitrile for cross-linking. 

For the hybrid PV cell, a C60 layer was thermally evaporated on top of the NC at a base pressure 

of 10
-7

 torr. It was followed by the evaporation of LiF and Al to form the cathode. The PV cells 



a) To whom correspondence should be addressed. Email: ye.tao@nrc-cnrc.gc.ca 

 

had a general structure of ITO / PbS-BDT (90nm) / C60 (x nm) / LiF (1 nm) / Al (120 nm) with an 

active area of 6.9 mm
2
.  

 The PV cells were characterized in air under one sun of simulated Air Mass 1.5 Global 

(AM 1.5G) solar irradiation (100 mWcm
-2

, Sciencetech Inc., SF150). The light intensity was 

calibrated with a power meter (Gentec Inc., UP19K-30H-H5). The current density-voltage (J-V) 

characteristics were measured with a Keithley 2400 source meter. For the photoluminescence (PL) 

measurements, the PbS-OA and PbS-BDT films with the same thickness (90 nm) were prepared 

on quartz substrates and excited with a monochromatic source at 950 nm. The film thicknesses 

were measured by a Dektak profilometer. 

 

 Fig. 1 shows the J-V characteristics of the PbS-BDT only and the hybrid heterojunction 

PbS-BDT/C60 PV cells. With the addition of a 30 nm C60 layer, the overall performance of the PV 

cell is improved. The JSC is increased from 9.9 mA/cm2 to 10.5 mA/cm2, the VOC is slightly 

increased from 0.39 V to 0.40 V, and the fill-factor (FF) is significantly increased from 40% to 

52%. This leads to the increase of the PCE from 1.6 % to 2.2 %. For the PbS-BDT only PV cell, 

the photo-generated excitons dissociate in the depletion layer formed beside the PbS-BDT/Al 

interface. However, it is well known that surface recombination centers are always present at the 

semiconductor/metal interfaces. The excitons would readily quench at such an interface without 

dissociation into free carriers. For the heterojunction cell, the increase in VOC and FF suggests a 

reduced recombination current in the device. Excitons dissociate more efficiently at the PbS-

BDT/C60 interface. Furthermore, as compared to the Schottky-type PbS-BDT only PV cell, the 

larger VOC in the heterojunction cell suggests that the depletion layer is also formed in the PbS-

BDT layer. As both ITO/PbS and C60/LiF/Al contacts are Ohmic,9 charges can readily diffuse to 

the donor and acceptor materials. An efficient charge transfer at the heterojunction can facilitate 

the formation of depletion at the heterojunction.  
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The improvement in efficiency of the heterojunction cell is also supported by the external 

quantum efficiency (EQE) measurement results as shown in Fig. 2 (a). Compared to the PbS-

BDT only device, the heterojunction cell has a higher EQE over a broad spectral range. The EQE 

of the heterojunction cell is over 40 % from 380 nm to 570 nm. According to the EQE data, the 

JSC under 100 mW/cm
2
 of AM 1.5G solar irradiation is calculated to be 10.2 mA/cm

2
. This is 

consistent with the JSC measured from the J - V results, demonstrating negligible spectral 

mismatch in the PCE measurement. The improvement in EQE is attributed both to the enhanced 

optical absorption in the device, and to the more efficient excitons dissociation at the PbS-

BDT/C60 interface. The increased EQE in the spectral range between 400 nm and 600 nm is 

possibly contributed by the optical absorption of the C60 layer, and also the induced optical cavity 

effect in the devices as shown in the measured 1-Reflectance plot in Fig. 3. By assuming 

negligible internal reflection inside the device, the lower limit of the internal quantum efficiency 

(IQE) can be estimated with the measured specular reflectance from the device, i.e. IQElower limit = 

EQE / (1 – Reflectance). As shown in Fig. 2 (b), the IQElower limit of the heterojunction cell has 

increased in the spectral range above 500 nm by over 10% while it remains nearly unchanged in 

the short wavelength region. This may be due to the fact that although the first excitonic 

transition λex1 of the NCs is at 1220 nm, the optical absorption in the visible region is much 

stronger than that in the near infrared (NIR) region. Therefore, higher energy photons in the 

visible region are strongly absorbed by the PbS-BDT film close to the anode side, and the lower 

energy photons can penetrate deeper into the cathode side of the device. By considering the AM 

1.5G photon flux and the measured absorbance of PbS-BDT thin film, the number of photons in 

the NIR region reaching the cathode side is around three times more than those photons with 

wavelength below 500 nm.  Since C60 has no absorption in the NIR region, the improved IQElower 

limit of the heterojunction device in this region proves that the exiton dissociation is more efficient 

at the PbS-BDT/C60 than the PbS-BDT/Al interfaces. It is also demonstrated with the improved 

device performance as discussed above.   
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 The performance of the heterojunction PV cells with C60 layer of different thicknesses is 

summarized in TABLE 1. Generally, the heterojunction PV cells have higher VOC. The FF is 

increased by 10 % with 30 nm and 50 nm C60. The maximum PCE is obtained with 30 nm C60. 

For the device with 50 nm C60, although it is optically favorable as shown in Fig. 3, the JSC is 

significantly reduced as the device has a larger series resistance RS.   Previously reported 

PbS/C60 heterojunction devices have higher JSC but a lower VOC than those of the PbS-only 

devices where the PbS NC thin film was treated with methanol for removing the surface ligand to 

increase the conductivity.5 Although most of the as synthesized NCs are capped with insulating 

ligands, it is essential to passivate the reactive NC surface. The lower VOC may be due to the 

presence of surface traps which alters the energy level alignment at the PbS/C60 interface. For the 

BDT capped PbS NCs as presented in this study, the VOC is increased in the heterojunction 

devices. As the VOC is mainly determined by the build-in potential established in the depletion 

region of the PbS NC layer, the increase suggests efficient charge transfer between the PbS and 

C60 through the BDT surface ligands. This is further supported by the PL measurement results of 

the single and bilayer thin films as shown in Fig. 4. The PL quenching experiment has been 

widely used to characterize the ultrafast charge transfer in NC and organic materials.
10,11

  The 

PbS-OA NC thin film shows a much stronger PL signal. The long chain OA (l = 2 nm) surface 

ligands effectively isolate the NCs from each other. However, after the ligands are replaced with 

BDT (l = 0.3 nm), the PL signal is significantly reduced by more than one order of magnitude. 

Moreover, the peak position is red-shifted by 50 nm. Consequently, the short BDT surface 

ligands increase the electron coupling between the NCs and other electronic materials. For the 

bilayer PbS-BDT/C60 film, the PL signal is completely quenched. Since C60 has negligible 

absorption in the NIR region, charge transfer instead of energy transfer should be the most 

possible mechanism for the observed PL quenching. This confirms that the BDT surface ligands 

not only passivate the PbS NCs surface, but also facilitate the charge transfer in PbS NCs and C60 

donor/acceptor system. 
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In conclusion, we have demonstrated a highly efficient PbS NC / C60 hybrid 

heterojunction photovoltaic cell. The PCE is increased from 1.6 % in the NC only device to 2.2 % 

in the heterojunction device under AM 1.5G irradiation. Besides the reduced exciton quenching 

in the heterojunction device, the BDT surface ligand provides an efficient pathway to facilitate 

charge transfer between the NC and C60, which is supported by the higher VOC obtained in the 

heterojunction device and the PL quenching experiment. The results presented here provide an 

insight into the future development of PV heterojunction devices with NCs and organics. 
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Table I Summary of the performance of the ITO/PbS-BDT (90 nm)/ C60 (x nm) / LiF/Al 

PV cells.  

C60 (x nm) JSC (mA/cm
2
) VOC (V) FF (%) RS(Ωcm

2
) PCE (%) 

0 9.9 0.39 40 1.5 1.6 

10 10.0 0.40 40 2.1 1.6 

30 10.5 0.40 52 2.7 2.2 

50 8.3 0.41 50 7.1 1.7 
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Figure captions 

 

Figure 1  

Current density-voltage (J-V) characteristics of the PV cells with (solid line) and without (dashed 

line) a 30 nm C60 layer. The black curves represent the dark current and the red curves represent 

the devices under 100 mW/cm2 of simulated AM 1.5G irradiation.  

 

Figure 2 

(a) Measured external quantum efficiency (EQE) of the PV cells with (solid line) and without 

(dashed line) an additional 30 nm C60 layer.  (b) Estimated lower limit of the internal quantum 

efficiency (IQElower limit) of the PV cells using the EQE and 1-Reflectance results as shown in Fig. 

2(a) and (3) respectively. 

 

Figure 3 

Measured 1-Reflectance plot of the PV cells, ITO / PbS-BDT (90 nm) / C60 (x nm) / LiF / Al, 

with an additional C60 layer of different thicknesses. 

 

Figure 4 

PL intensities of PbS-OA (black), PbS-BDT (red), and PbS-BDT / C60 (blue) thin films on quartz 

substrate. 

 



a) To whom correspondence should be addressed. Email: ye.tao@nrc-cnrc.gc.ca 

 

Figures 

-0.1 0.0 0.1 0.2 0.3 0.4 0.5
-12

-10

-8

-6

-4

-2

0

2

4

6

8

w/ 30nm C
60

  Dark

  AM 1.5

 

 

J 
(m

A
/c

m
2
)

Voltage (V)

PbS only

 

Figure 1 



a) To whom correspondence should be addressed. Email: ye.tao@nrc-cnrc.gc.ca 

 

0

10

20

30

40

50

200 300 400 500 600 700 800 90010001100
0

10

20

30

40

50

60 (b)

w/o C
60

w/ 30nm C
60

w/ 30nm C
60

w/o C
60

 

 

E
Q

E
 (

%
)

(a)

 

 

IQ
E

lo
w

e
r 

lim
it
 (

%
)

Wavelength (nm)

 

Figure 2 



a) To whom correspondence should be addressed. Email: ye.tao@nrc-cnrc.gc.ca 

 

300 400 500 600 700 800
0

10

20

30

40

50

60

70

80

90

100

 ITO/PbS-BDT / C
60

   (0 nm) /LiF/Al

 ITO/PbS-BDT / C
60

 (10 nm) /LiF/Al

 ITO/PbS-BDT / C
60

 (30 nm) /LiF/Al

 ITO/PbS-BDT / C
60

 (50 nm) /LiF/Al

 

 
1

-R
e

fl
e

c
ta

n
c
e

 (
%

)

Wavelength (nm)
 

Figure 3



a) To whom correspondence should be addressed. Email: ye.tao@nrc-cnrc.gc.ca 

 

1100 1200 1300 1400 1500 1600

0.1

1

10

PbS-BDT/C
60

PbS-BDT

 

 
P

L
 i
n

te
n

s
it
y
 (

a
.u

.)

Wavelength (nm)

PbS-OA

 

Figure 4 

 


