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Abstract 

We constructed PbS colloidal quantum dots/ZnO nan-

owire solar cells that work in the region ranging from the 

visible to infrared. Highly infrared-transparent conduc-

tive oxide (Ta-doped SnO2; TTO) electrodes were success-

fully used to enhance solar cells’ spectral sensitivity in the 

infrared region where conventional oxide electrodes such 

as F-doped SnO2 and Sn-doped In2O3 give strong parasitic 

absorption. The external quantum efficiency of the solar 

cells constructed with TTO electrodes reached 50% at the 

wavelength corresponding to the first exciton absorption 

peak (1550 nm), which is the highest value ever reported 

on solution-processed solar cells. 

 

1. Introduction 

In recent years, colloidal quantum dots (CQDs) have at-

tracted much attention as light absorbers for next-generation 

solar cells because mainly of QD-size dependent bandgap 

tunability, solution process compatibility and so on. Among 

various types of CQD solar cells, heterojunction CQD solar 

cells constructed by combining PbS CQDs and ZnO have 

been widely studied [1, 2], and a power conversion efficiency 

of 11.23% was reported [2]. In addition to the conventional 

single-junction solar cell, fundamental studies on CQD solar 

cells based on a new concept such as multiple exciton gener-

ation, hot-carrier concept, and multi-junction concept are car-

ried out [3]. Power conversion efficiency of multi-junction 

solar cells depends on the number of stacked subcells. A 

power conversion efficiencies over 50% under one-sun illu-

mination can be achieved by an optimal combination of four 

or five junctions [4]. The size-dependent bandgap tunability 

and solution process compatibility are suitable properties to 

construct low-cost multi-junction solar cells.  

Here we try to construct CQD-based bottom subcells for 

multi-junction solar cells because there are many options for 

solution-processed top and/or middle subcells such as organic 

thin film solar cells and perovskite solar cells. PbS QD solar 

cell performance was also studied by combining sharp-cut fil-

ters mimicking middle- and top-subcells as a proof of concept.  

 

2. Experiments 

PbS CQDs 

with different 

bandgaps were 

synthesized by 

following a previ-

ous method [5]. 

The PbS 

CQD/ZnO NW 

solar cells were 

fabricated by us-

ing PbS CQDs 

showing 1550 nm 

exciton peak by 

following a previ-

ously reported 

procedure [6]. 

PbS colloidal 

quantum dot were 

infiltrated in the 

ZnO nanowire 

layer by a layer-

by-layer method, and an additional QD layer 300 nm in thick 

was formed by a spin-coating method. Two different trans-

parent conductive oxides (TCOs) were used to fabricate PbS 

QD/ZnO NW solar cells: one is a widely used F-doped SnO2 

(FTO) electrode, and the other is highly infrared-transparent 

TCO, Ta-doped SnO2 transparent oxide (TTO) electrode [7]. 

TTO thin films grown on glass substrates by pulsed laser dep-

osition using polycrystalline anatase TiO2 seed layers. 

EQE spectra for the wavelength range between 350 nm 

and 1700 nm were obtained using a spectrophotometer-based 

machine (Bunko-keiki, CEP-2000MLQ), and fourier trans-

form infrared spectrometer, (JASCO, VIR-300) was em-

ployed for the region between 1500 nm and 2000 nm. Cur-

rent-voltage curves were measured using a solar simulator 

(Sunko-keiki), which can produce a spectrum matched well 

with the one-sun spectrum from 350 nm to 2000 nm [6]. 

 

 

Fig. 1 SEM image of ZnO NWs (upper), and 
PbS QD/ZnO NW solar cell structure 
(lower) TCO: FTO or TTO 
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3. Results and discussion 

EQE spectra of the PbS QD/ZnO NW solar cells (FTO-

cell, and TTO-cell) give a peak at 1550 nm, originating from 

the first exciton absorption peak, and show an onset wave-

length at 1746 nm (0.71 eV). We employ the wavelength giv-

ing 1% EQE as the bandgap wavelength The EQE of the first 

exciton peak (1550 nm) obtained on the solar cells with FTO 

substrates was 20%, whereas the solar cells fabricated with 

the TTO substrates reached an EQE of 50% that is a record 

high EQE reported so far on solution-based solar cells. Such 

a high EQE is chiefly due to high transmittance in the infrared 

region (Fig. 2).  

2%-Ta-doped SnO2 films give the average sheet re-

sistance of approximately 12 /sq, and the carrier mobility of 

the film is approximately 70 cm2V-1s-1 higher than the typical 

mobility of commercially available FTO (ca. 40 cm2V-1s-1). 

Thanks to the high mobility of TTO layer, the transmittance 

of TTO is highly transparent not only in the visible region but 

also in the short-wave infrared region. While the transmit-

tance of FTO, which have been usually used to fabricate solar 

cells, is attenuated down to 50% at 1.6 m (Fig. 2). The TTO-

cells then produce higher Jsc than the FTO-cells independent 

of illumination modes (Table 1), 

Solar cell performance of the solar cells was also studied 

under different illumination conditions to examine the poten-

tial for the bottom subcell of multi-junction solar cells. In do-

ing so, we focused on the triple-junction solar cells 

(GaInP/GaAs/InGaAs) that generates a Jsc of 14.27 mA/cm2 

(1-sun) [8], and paid attention to Jsc as a measure for current-

matching. IV curves of the TTO-cell were measured by illu-

minating through an 870-nm filter, which mimicks a GaAs 

middle subcell, to evaluate a potential for the bottom subcell 

of the triple-junction solar cells. A Jsc of 12.6 mA/cm2 was 

obtained, which was approximately 90% of the Jsc of the tri-

ple-junction solar cells.  

 
Table 1. PV performance obtained under different illumination 

conditions 

filter w/o (1-sun) 870 nm 1100 nm 

 TTO FTO TTO FTO TTO FTO 

Jsc 

mA/cm2 
33.1 32.9 12.6 11.3 6.53 5.17 

Voc V 0.32 0.32 0.28 0.23 0.25 0.25 

FF - 0.44 0.46 0.46 0.47 0.45 0.47 

PCE % 4.71 4.85 1.63 1.46 0.75 0.60 

* the 870-nm filter and 1100-nm filter mimick a GaAs subcell 

and Si subcell, respectively. 

 

   We also evaluate the TTO-cell performance with using a 

1100-nm sharp-cut filter to explore the potential of the bottom 

cell for 5-junction solar cell [8], wherein the bandgap of each 

subcell from top to bottom is 2.17 (571)/1.68 (738)/1.40 

(886)/1.06 (1169) /0.73 (1698) eV (nm), respectively. Jsc of 

the TTO-cell measured with the 1100-nm filter, mimicking 

the second subcell from the bottom, is 6.53 mA/cm2. This Jsc 

is one third of that of the 5-junction cell. Light absorption in 

the infrared region has to be enhanced to minimize the differ-

ence. 

 

4. Conclusions 

   We constructed PbS QD/ZnO NW solar cell using PbS 

CQDs with the first exciton absorption peak at 1550 nm and 

a bandgap of 1746 nm (0.71 eV), and succeeded in enhancing 

EQE in the infrared region by employing Ta-doped SnO2 

electrodes. PV performance of the solar cells with TTO elec-

trodes were measured with different sharp-cut filters to ex-

ploit the potential for the bottom subcells of multi-junction 

solar cells. The results indicates that PbS QD/ZnO NW solar 

cells including TTO electrodes are promising bottom cells for 

multi-junction solar cells.  
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Fig. 2 EQE spectra of TTO- and FTO-cells (left axis), and 

transmittance spectra of TTO and FTO substrates (right axis). 
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