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Abstract 

A systematic investigation into the performance of 

PbS quantum dot (QD) / ZnO nanowire (NW) solar cells 

in the near-infrared and short-wave infrared (SWIR) re-

gion was carried out. The solar cells were confirmed to 

convert a wide range of solar energy (0.35-2.0 μm). We 

found that the solar cells working in SWIR region had a 

high open-circuit voltage (Voc). A relatively high Voc of 0.25 

V was achieved even in solar cells whose photocurrent on-

set were at approximately 0.64 eV (1.9 μm), these results 

indicate that solution-processed colloidal PbS QD solar 

cells with ZnO NWs are promising candidates for the mid-

dle and bottom subcells of multijunction solar cells. 

 

1. Introduction 

Colloidal semiconductor quantum dots (CQDs) give 

unique optical properties such as size dependent absorption, 

which makes the quantum dot promising candidate materials 

toward high efficiency solar cells. Most importantly, CQDs 

are compatible with low-temperature solution-based technol-

ogies. The performance of PbS CQD solar cells has increased 

in the past decade to certified power conversion efficiencies 

(PCEs) of approximately 12 % in 2017. The most widely 

studied PbS QD solar structures are based on depleted hetero-

junction that is formed by deposition of a QD layer on top of 

an electron-accepting layer such as ZnO or TiO2. To enhance 

the performance of the solar cells, several strategies, which 

include new solar cell architectures and bandgap engineering 

were reported.1 We focused on a solar cell structure composed 

of PbS QD / ZnO NW structures (Fig.1a) with the aim of 

achieving efficient carrier transport and light absorption in the 

near-infrared region simultaneously.2 These PbS QD-based 

solar cells were also found with high stability under continu-

ous light soaking.3 To clarify the exact role of the ZnO NWs 

in PbS QD / ZnO NW solar cells, we studied photocurrent 

properties of the solar cells by impedance spectroscopy, and 

found out that, ZnO NWs act as a very efficient transporter 

and collector for the photogenerated electrons in the PbS QD 

region.4 In this study, We investigate the performance of PbS 

QD / ZnO NW solar cells using PbS CQDs that absorb pho-

tons in a wide range of solar spectrum to examine the poten-

tial for low-cost muti-junction solar cells with PbS CQD / 

ZnO NW hybrid structures.5  To Improved performance in 

the infrared region, we engineering the band alignment of 

quantum dot through the use of different ligand treatment6,7  

PbS QDs, a 31.5% EQE at 1550 nm has been reached, show-

ing a EQE enhancement of 40% at the first exciton peak as 

compared to that of the control solar cell.  

2. Experiment methods 

PbS QDs based solar cells were constructed by combining 

ZnO nanowire arrays with a nine difference PbS CQDs, 

which give the first exciton absorption peak in near and short-

wave infrared region (Fig.1c). The ZnO nanowire array 

(about 1.2 μm thick) formed on FTO (F-doped SnO2) glass 

Fig.1 (a) Schematic of the structure of the PbS QD / ZnO NW 

solar cells. (b) Energy diagrams of the PbS QD / ZnO NW solar 

cells with nine difference PbS QDs. (c) Absorbance spectra of 

the PbS QD octane solutions with different the first exciton ab-

sorption peak. (d) EQE spectra of the PbS QD / ZnO NW solar 

cells with different the first exciton absorption peak PbS QDs. 
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substrates by a hydrothermal method. The PbS QDs were in-

filtrated into the ZnO nanowire array from a PbS QD octane 

solution via the layer-by-layer spin-coating method. The de-

posited PbS-QD layer were treated with a tetrabutylammo-

nium iodide (TBAI) methanol solution to replace the insulat-

ing oleic acid chain ligands with iodide anions (PbS-I). The 

substrates were then rinsed with a methanol solution to re-

move excess TBAI and oleic acid ligand. After the ZnO nan-

owire array were infiltrated with PbS QDs, an additional PbS 

overlayer approximately 300 nm thick was deposited by the 

spin-coating method. For PbS-EDT layers, an ethanedithiol 

(EDT) solution (0.02% vol% in acetonitrile) and acetonitrile 

were used. Finally, an Au layer was deposited on top of the 

PbS-QD overlayer by thermal evaporation to complete solar 

cell fabrication. Solar cell performance of the cells was eval-

uated by measuring current density-voltage (J-V) curves, 

from which open-circuit voltage (Voc), short-circuit current 

density (Jsc), fill factor (FF), and PCE were obtained. External 

quantum efficiency (EQE) spectra were measured from 300 

nm to 1700 nm (Bunko-keiki, CEP-2000MLQ). The EQE 

spectra over 1700 nm were measured with a Fourier trans-

form infrared spectrometer (JASCO, VIR-300).  

3. Results and discussion  

The EQE spectra of the PbS QD / ZnO NW solar cells 

(Fig.1d) give EQE peaks originating from the first exciton ab-

sorption in short-wave infrared region. We confirm our solar 

cells can convert photon energy to electricity in a wide range 

of the solar spectrum. However, the EQE of the spectra cells 

tended to become smaller at the peak position shifted to 

longer wavelengths. One of the reasons for this was that, in 

the short-wave infrared region, the free carrier absorption of 

transparent conductive oxide (FTO) cause a non-negligible 

energy loss of the incident solar energy to be absorbed by the 

PbS QD layer. The average visible transmittance of the FTO 

substrate was approximately 80%, whereas the transmittance 

values at 1500 nm and 1800 nm were approximately 50% and 

30%, respectively. The EQE value of solar cell I was below 

40% in both the infrared and visible region. The reasons for 

this are the conduction band edge of PbS QD I low than ZnO 

conduction band (Fig.1b). The solar cell performances of the 

solar cells are tabulated in Table 1. The best PCE of solar cell 

reached 7.27 % (D: Jsc = 29.7 mA/cm2, Voc = 0.468 V, FF = 

0.525) under simulated one-sun illumination. Although Voc of 

the solar cells monotonically decreases as band gap decreased. 

One of the interesting findings is that the solar cells operating 

in infrared region (solar cells: G, H, I) produced high Voc and 

low Voc loss5. 

To improved solar cell performance in the infrared region 

we use EDT treatment PbS QD overlayer, the role of the PbS-

EDT layer as an electron-blocking / hole-extraction layer be-

tween the PbS-I layer and the Au anode, which leads to an 

improved photocurrent collection efficiency and enhanced 

the infrared region EQE in the PbS-I / PbS-EDT solar cell 

(Fig. 2). In the PbS-I only solar cell, electron flow from PbS-

I to the Au anode, which is in the opposite direction to photo-

current, and interfacial recombination at the PbS / Au inter-

face are possible loss mechanisms. In the PbS-I / PbS-EDT 

solar cell, the conduction band offset between the PbS-I and 

PbS-EDT layer provide an energy barrier that prevents pho-

togenerated electrons from flowing to the PbS-EDT layer6.7. 

PbS-I / PbS-EDT solar cell shown an average 10% EQE en-

hancement from 700 nm to 1600 nm.  

These results indicate that the engineering the structures 

of PbS CQD solar cells with the ZnO nanowire and band edge 

energies of QD film through ligand exchange are promising 

enhancement the photocurrent collection efficiency in the in-

frared region.  
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Table. Solar cell performance obtained on solar cells with 

different the first exciton absorption peak PbS QDs 

 

Fig.2 EQE spectra of the PbS QD / ZnO NW solar cells with and 

without PbS-EDT overlayer. 
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