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Abstract 

In this study, a difference in the mobility of holes and electrons as a minority carrier has been systematically 

characterized in PbS quantum dot (QD) solar cells.  While the mobility of electrons and holes is important 

in designing the p-n junction solar cells, it is still challenging to measure them during the normal operation 

of QD solar cells. We fabricated the bifacial solar cells and characterized the carrier transport by measuring 

the decay of photocurrent under pulsed illumination. The electron and hole mobility of p-type, n-type, and 

p-n junction type PbS QD film was examined and its connection to the performance of the solar cells was

studied. In n-type PbS layer, the diffusion length of both electron and hole is ~300 nm. In contrast, the 

diffusion length of hole and electron of p-type PbS layer is 250 nm and 175 nm. The asymmetric charge 

kinetics between holes and electrons in p-type PbS has been further elucidated when the active layer 

thickness of the solar cells is altered. This result offers a rationale design rule of p-n junction type QD solar 

cells.  
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1. Introduction: 

Quantum dot (QD) films have been extensively studied for their unique physical properties and applications 

to energy harvesting and display devices. A change in the particle size modifies the electronic band structure 

and increases a light absorption coefficient. Combined with multiple exciton generation and inexpensive 

solution processing, QD films can lead to affordable solar cells which have a potential to break the Shockley 

- Queisser limit. [1] The efficiency of PbS QD devices has increased to 13.3 % (16.6 % for ammonium lead 

triiodide QD devices) which is still lower than the theoretical efficiency ~ 30%.[2-4] This gap is partially 

due to a tradeoff between light absorption and charge transport. While all solar cells have such a problem, 

the unique carrier hopping in QD films limits the charge transport and makes this tradeoff more pronounced. 

To increase the carrier mobility and decrease the recombination rate, the surface passivation, impurity 

content, and crystallinity of QDs have been carefully controlled. [5-10]  

One more important issue which has not been systematically studied yet in QD solar cells is a 

difference in the mobility of holes and electrons as a minority carrier. [10-13] A design of p-n junction solar 

cells can be optimized by taking into account the difference in the minority carrier mobility. For example, 

if the hole mobility is smaller than the electron mobility, the n-type layer needs to be thinner than the p-

type layer to minimize the recombination of photogenerated carriers. [10, 14-17] Therefore, for 

semiconductors with asymmetric hole and electron transport behavior, revising device architecture becomes 

an avenue of improving charge transport and suppressing carrier recombination. [5, 18] However, it is still 

challenging to measure the mobility of electrons and holes during the normal operation of QD solar cells. 

Traditionally, the carrier mobility is measured by using Hall effect measurement technique or fabricating a 

field-effect transistor. [19-28] However, the Hall effect measurement provides only the majority carrier 

mobility. In addition, the minority carrier mobility in the field-effect-transistor is always larger than the 

minority carrier mobility in the solar cells, since the minority carrier travels in a channel where the majority 

carriers are depleted. [21, 31] Another way to characterize the carrier transport in the solar cells is to 

measure the decay of photocurrent under pulsed illumination. [32-34] Since the decay measurement is 



performed in an operating condition of the solar cells, the measured data are more realistic and beneficial 

to the design of the solar cells. However, it is difficult to quantitatively separate the mobility of electrons 

and holes in the decay measurement using traditional solar cells where both effects are intermixed.  

The unique approach in the study is the design and fabrication of a bifacial architecture of the QD 

solar cells, which allows for illumination through both the front and back sides of the solar cells. By varying 

the illumination direction, either hole or electron diffuses a much longer distance to reach the respective 

collecting electrode. This controls the overall current decay behavior. In other words, by changing 

illumination direction, the carrier transport in the solar cell shifts between either a hole or electron diffusion-

limited mode. This is schematically explained in Figure 1. The new bifacial architecture enables us to 

quantitatively characterize the transport of both majority and minority carriers in the same QD film during 

the normal solar cell operation. In this study, we measured electron and hole mobility in p-type, n-type, or 

p-n junction type PbS QD film and found a correlation between the performance and device structure of p-

n junction PbS QD solar cells. In p-type PbS QD film capped with thiol ligands, holes travel longer than 

electrons. In n-type PbS QD film capped with iodine ligands, the electron mobility is similar to hole 

mobility and the diffusion length of both carriers is ~300 nm. The diffusion length of holes and electrons 

turns out 250 nm and 175 nm, respectively. The asymmetric charge kinetics between holes and electrons in 

p-type PbS has been further elucidated by altering the active layer thickness of the solar cells, which offers 

a rationale design rule of p-n junction type QD solar cells.  

2. Experimental Procedures: 

2-1. PbS quantum dot fabrication 

High purity octadecene (ODE), PbO, oleic acid (OA), bis(trimethylsilyl) sulfide (TMS) were purchased 

through Fisher Scientific. Prior to synthesis ODE was degassed in a vacuum at 85 oC for 12 hours. PbS 

QDs with an absorption peak of λ = 900 nm were fabricated by adjusting a synthesis technique pioneered 

by Hines and Scholes. [35] 450 mg of PbO, 18 ml of ODE, and 1.5 ml of OA were mixed in a three neck 



flask in a vacuum at 70 oC for 3 hours. Then, the air in the flask and Schlenk line was switched to nitrogen, 

and the solution was heated at 95 oC for 1 hour until the mixture became clear. The Pb precursor solution 

was further reacted at 115 oC in an oil bath. The flask was removed from the bath while the temperature of 

the inside solution was monitored with an embedded thermal couple. To initiate the nucleation of PbS QDs, 

10 ml of ODE and 207 uL of TMS were swiftly injected into the PbO-oleate mixture inside the flask using 

a syringe. This decreased the temperature quickly and black PbS QDs appeared. The solution cooled 

naturally to room temperature in a nitrogen atmosphere. After acetone was added to the solution, QDs were 

separated by centrifuging and redispersed in hexane. The UV/Vis absorption spectra of PbS QDs were 

measured and the band gap and size of PbS QD were estimated from the UV/Vis absorption spectra. The 

bandgap of PbS QDs is1.37 eV which corresponds to 3.15 nm. Prior to PbS film deposition, PbS QDs were 

further washed and centrifuged using a mixture of acetone and methanol. This washing process was 

repeated three times. The PbS QDs were redispersed in hexane at a concentration of 25mg/ml and stored in 

a low humidity desiccator. 

2-2. Fabrication of PbS solar cells 

Fluorine doped tin oxide (FTO) film on the glass was used as a transparent and conductive bottom contact 

for solar cells. The FTO substrate was patterned by wet etching in a mixture of zinc powder and HCl (18% 

in water) for 30 seconds. Patterned FTO substrates were cleaned through sequential sonication in acetone, 

DI water, and ethanol for 20 minutes each. Cleaned substrates were dried and treated in a deep UV/ozone 

chamber for 20 minutes. A 20 nm TiO2 layer (an electron transport layer) was then deposited on the 

patterned FTO substrates using ozone assisted atomic layer deposition (ALD) at 250 oC. 

Tetrakis(dimethylamido)titanium (TDMA-Ti) and O3 were used as precursors. To form p-type PbS QD 

layer, PbS QDs were spin-coated on patterned FTO substrate in low humidity, nitrogen filled glove box. 

The substrates were spin-coated with 40 µl of PbS solution (25 mg PbS in 1 ml hexane) at 2500 rpm. For 

p-type PbS film, 80 µl of 2 V/V% of 1,2- ethanedithiol (EDT) in acetonitrile was cast onto PbS QD layer 

to exchange the native oleates with short thiols and 80 µl of acetonitrile was cast on the spinning substrate 



to remove residual ligands and clean the film. For n-type PbS QD film, 80 µl of 10mg/ml of tetra-n-

butylammonium iodide (TBAI) in methanol was used to exchange the native oleate ligands with iodine 

ions. After a cycle of the coating process, 20 nm thick PbS QD film was obtained. The coating was repeated 

to reach a target thickness (200 nm). The top transparent electrode has a sandwich structure of 

semiconductor-metal-semiconductor. 10 nm thick MoO3, 10 nm thick Au, and 10 nm thick MoO3 were 

deposited sequentially to form a conductive transparent multilayer contact for hole transfer, which is called 

MAM hereafter. [36-38] The active area of the solar cell was 0.0375 cm2 (1.5 × 2.5 mm) which was 

controlled by the overlap of electrodes on the top and bottom of PbS QD layer. 

2-3. Characterization of PbS solar cells 

To examine the transport behavior of holes and electrons, a dual illumination technique was employed. The 

measurement configuration is schematically shown in Figure S1. The solar cells were illuminated through 

the top or bottom transparent electrode. To keep the incident light spectra constant between illumination 

directions, different light filters were used. If the light intensity is not the same, it is difficult to form a 

quantitative comparison as different amounts of photogenerated carriers affect the carrier transport. The 

measurement configuration where the light goes through the top transparent electrode first before reaching 

PbS, is called top illumination. If the light goes through the FTO electrode first before reaching PbS, the 

measurement configuration is called bottom illumination. Figure S2 shows the absorbance of light by the 

solar cell for both illumination directions. UV/Vis absorption spectra are similar and a different in the light 

intensity is less than 3%, which indicates that the illumination direction does not change the amount of solar 

energy absorbed by PbS film. At both top and bottom illumination configurations, voltage and current decay 

measurements were done using the stepped light‐induced transient measurements of photocurrent and 

photovoltage (SLIM‐PCV) method. [39-41] A monochromatic of a laser diode (λ=445 nm) was controlled 

by a function generator (Agilent 33220A). Voltage decay of the PbS solar cell was monitored by a digital 

storage oscilloscope (Tektronix, TDS2024B) that was synchronized with a function generator. A current 

amplifier connecting the sample and the oscilloscope was set up for current decay measurements. The 



average charge carrier lifetime was extracted from the decay constant of the voltage decay curve. A 

diffusion coefficient was calculated from the current decay measurements using an equation (1): 

𝐷𝐷 = 𝑙𝑙2

2.37𝜏𝜏
                                 (1) 

where l is the thickness of the PbS film and 𝜏𝜏 is the current decay constant. Mobility can then be calculated 

using the Einstein kinetics relation in an equation (2): 

𝐷𝐷 = 𝜇𝜇𝑞𝑞𝑘𝑘𝑏𝑏𝑇𝑇
𝑞𝑞

                              (2) 

3. Results and Discussion: 

3-1. Transport kinetics of holes and electrons in n-type and p-type PbS films  

A difference in the surface passivation by ligands greatly changes the electrical properties of PbS QD films. 

EDT and TBAI ligands leave sulfur and iodine ions onto the surface of PbS QDs. The addition of the iodine 

impurity onto the PbS surface generates free electrons and impart n-type conductivity. The sulfur impurity 

on the PbS surface generates a hole and results in p-type PbS. Figure 2 shows J-V curves of only p-type or 

only n-type PbS QD solar cells under the top or bottom illumination. Performance parameters of solar cells 

are summarized in Table 1. JSC of n-type PbS solar cells (21.1 mA/cm2 for the bottom illumination) is larger 

than that of p-type PbS solar cells (16.7 mA/cm2). The effect of the illumination direction on JSC is more 

significant in p-type PbS (16.7 vs 12.1 mA/cm2) than marginal in n-type PbS solar cells (21.1 vs 19.1 

mA/cm2). Since the light absorbance of PbS film is almost the same for all cases, changes in the 

photocurrent indicate that the type of PbS QDs and the illumination direction have an impact on the 

transport and recombination of photogenerated carriers. VOC does not depend on the illumination direction 

but is mainly determined by the major carrier type of PbS. VOC of n-type PbS solar cells is 0.43 - 0.44V 

which is smaller than that of p-type PbS solar cells (0.61 – 0.63 V). This is due to the Fermi energy 

difference between p-type PbS and n-type PbS. In p-type PbS solar cells, the maximum VOC is same as a 



difference in Fermi energy levels between n-type TiO2 and p-type PbS. In n-type PbS solar cells, the 

maximum VOC is determined by a difference in Fermi energy levels between n-type TiO2 and p-type MoO3, 

which is 0.48 V. This is close to the measurement result (0.43 - 0.44V) of n-type PbS solar cells. [42-44] 

Figure 3 shows the transient current decay results of the SLIM-PCV measurements of p-type and 

n-type type devices under chopped illumination from the FTO or MAM side. The transient decay times of 

the FTO and MAM illuminations are nearly identical (~2.3 µsec) in the n-type PbS solar cell. In contrast, 

the p-type PbS solar cell shows a clear dependence on the illumination direction. The MAM side 

illumination takes a much longer time (~7.0 µsec) to reach zero current than the FTO side illumination 

(~3.6 µsec). As shown in Figure 1, a major difference between FTO and MAM illumination is how far 

electrons and holes travel to reach conductive electrodes (FTO or MAM). In the case of FTO illumination, 

the majority of excess carriers are generated near the TiO2 - PbS interface, and photogenerated holes can 

travel a longer distance than photogenerated electrons to reach the electrode. This suggests that hole 

transport kinetics limits the carrier transport for the FTO illumination. When light is illuminated from the 

MAM side, the exact opposite occurs; electrons travel farther than holes, and electron transport limits the 

transport of photogenerated carriers. Diffusion coefficient and carrier mobility are shown in table 3. 

Diffusion coefficient are calculated from Figure 3 and mobility are obtained using Einstein relation. [29,30] 

Table 3  indicates that 1) photogenerated carriers move faster in n-type PbS film than p-type solar cells, 2) 

holes and electrons move at a similar velocity in n-type PbS film, and 3) holes moves faster than electrons 

in p-type PbS film.  

A change in the carrier transport velocity affects the carrier collection efficiency since a decrease 

in the transport velocity increases the recombination probability of photogenerated carriers. Figure 4 shows 

IPCE spectra of PbS solar cells illuminated from two different directions. In p-type PbS QD solar cell 

exhibiting very different electrons and hole transport kinetics, the quantum efficiency of the FTO 

illumination is distinguished from that of MAM illumination. In addition, there is a noticeable effect of the 

light wavelength on the IPCE. At λ = 400 nm where the light is absorbed near the incident surface of the 



solar cells, the quantum efficiency of p-type solar cell is 75% for FTO illumination and 25% for MAM 

illumination. This verifies the slow electron transport in p-type PbS. However, two IPCE curves of the n-

type PbS solar cell in Fig. 4(b) have a similar shape. This is consistent with Figure 3 showing that electrons 

and holes have a similar velocity in n-type PbS film. 

3-2. Carrier transport kinetics in p-n junction type PbS QD solar cells 

A very important mechanism enhancing the carrier transport of PbS QD solar cells is to use the drift of 

carriers at the junction between p-type and n-type layers where majority carriers are depleted. In this study, 

we also examined how the addition of the p-n junction affects the carrier transport behavior in PbS films. 

Figure 5 shows J-V curves of p-n junction PbS solar cells with different junction locations. A cross section 

of PbS QD solar cells is schematically shown in Figure 5(a). Performance parameters of solar cells are 

summarized in Table 2. Compared with n-type PbS, 80-20 n/p PbS exhibits increase in Jsc (from 21.10 

mA/cm2 to 22.27 mA/cm2 at the FTO illumination condition) and Voc (from 0.44 V to 0.55 V) by 5 % and 

25 %, respectively. In 20-80 n/p PbS, the addition of a thin n-type layer increases Jsc (from 16.68 mA/cm2 

to 19.10 mA/cm2) by 14 % and decreases Voc (from 0.61 V to 0.57 V) by 7 %. The addition of p-n junction 

suppresses the carrier recombination and its effect is more pronounced in p-type PbS which suffers from 

the slow transport of electrons. Less misalignment of EC and EV of 20-80 n/p PbS, FTO and MAM mitigates 

the potential loss of carriers at the PbS-electrode interfaces. It is noted that an increase in the thickness ratio 

of n-type PbS decreases a difference in JSC between MAM and FTO illumination. The ratio of JSC from 

FTO illumination over JSC from MAM illumination is 68% for 20-80 n/p PbS and 89% for 80-20 n/p PbS, 

which is attributed to the similar transport velocity of electrons and holes of n-type PbS film.  

To quantitatively examine the kinetics of hole and electron transport in p-n junction devices, the 

transient current decay measurements were also performed using the dual light illumination technique. 

Figure 6 shows the current decay curves of PbS films with different thickness ratios of n- and p-type PbS 

layers. As the thickness ratio of n-type PbS increases, the decay constant decreases and the effect of the 

illumination direction is reduced. The addition of n-layer enhances the transport of both electrons and holes 



in the p-n junction devices. The potential barrier at the interface between the n-type and p-type layers also 

facilitates the carrier transport through the drift mechanism. In addition, a change in the decay time in Figure 

6 is inversely proportional to Jsc of the solar cells in Figure 5, since a fast transport of carriers improves the 

carrier collection efficiency. This clearly indicates the usefulness of the transient decay measurement in 

analyzing the performance of thin film solar cells.  IPCE spectra shown in Figure S3 confirm the importance 

of the carrier transport in the photon-electron conversion process and attests to the difference between hole 

and electron transport kinetics. The thicker the p-type layer, the more notable effect of the illumination 

direction is observed in the wavelength range of 400 - 500 nm. This is due to the imbalanced transport of 

electrons and holes. Since the electron transport is much slower than the hole transport in the p-type layer, 

the illumination direction into 20-80 n/p PbS has a large impact on the photons of the short wavelength, 

which are mostly absorbed near the entering surface of p-type PbS film. In contrast, both electrons and 

holes move fast in 80-20 n/p PbS and IPCE spectra of FTO and MAM illuminations are similar. In the long 

wavelength range, photons go to the deeper part of PbS film and a difference in the transport length of 

electrons and holes is decreased, leading to the marginal effect of the illumination direction on IPCE.  

4. Conclusion: 

The difference in hole and electron transport in PbS solar cells was measured using the unique dual 

illumination technique. This structure enables the independent measurement of the mobility of electrons 

and holes during the normal operation of solar cell devices. A change in the illumination direction of the 

bifacial cells switches the carrier transport to either a hole or electron diffusion-limited mode.  While holes 

travel faster than electrons in only p-type PbS solar cells, the difference between electron and hole mobility 

is small in only n-type PbS solar cells. The asymmetric charge kinetics between holes and electrons in p-

type PbS has been further elucidated by altering the active layer thickness of the solar cells. This study 



provide a guideline to measure the electron and hole mobility in operating solar cells and design the p-n 

junction type QD solar cells of a high solar energy conversion efficiency.  
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Table 1. Performance of solar cells of only p-type PbS or only n-type PbS under top illumination or 

bottom illumination (a relative thickness ratio of n- and p-type PbS layer is 10:0 for 100-0 n/p and 0:10 

for 0-100 n/p solar cell). 

 

PbS Solar Cells Jsc (mA/cm2) Voc (V) η (%) FF 

100-0 n/p: bottom illumination 21.10 0.44 3.47 0.37 

100-0 n/p: top illumination 19.12 0.43 3.10 0.37 

0-100 n/p: bottom illumination 16.68 0.61 4.35 0.43 

0-100 n/p: top illumination 12.12 0.63 3.28 0.43 

 

  



Table 2. Performance of p-n junction type PbS under top illumination or bottom illumination (a relative 

thickness ratio of n- and p-type PbS layer is 2:8 for 20-80 n/p solar cell, 5:5 for 50-50 n/p solar cell, and 

8:2 for 80-20 n/p solar cell). 

 

PbS Cell Jsc (mA/cm2) Voc (V) η (%) FF 

80-20 n/p-FTO illumination 22.27 0.55 5.37 0.43 

80-20 n/p-MAM illumination 19.82 0.56 4.88 0.44 

50-50 n/p-FTO illumination 21.03 0.56 5.18 0.45 

50-50 n/p-MAM illumination 18.33 0.57 4.53 0.44 

20-80 n/p-FTO illumination 19.10 0.57 4.82 0.45 

20-80 n/p-MAM illumination 15.06 0.58 3.33 0.43 

 



Table 3. Diffusion coefficient and converted mobility of p-type PbS and n-type PbS films. 

PbS Type 
Diffusion Coefficient (cm2/s) Mobility (cm2/Vs) Diffusion Length (nm) 

Electron Hole Electron Hole Electron Hole 

p-type 1.48E-05 3.00E-05 5.77E-04 1.17E-03 175 250 

n-type 4.75E-05 4.50E-05 1.85E-03 1.75E-03 310 300 

 

  



 

 

 

 

 

Figure 1. Schematic explanation of the dual illumination test showing the charge generation and subsequent 

transport of electrons and holes (G(x): a carrier generation rate as a function of a distance (x) from the light 

entrance interface of PbS film); (top) when light is illuminated through the fluorine doped tin oxide 

(FTO)/TiO2 side, holes need to travel longer distance to be converted to electricity and hole diffusion 

controls the overall transport of photogenerated carriers, (bottom) when light is illuminated through the 

MoO3/Au/MoO3 (MAM) side, electron diffusion is important in the overall transport of photogenerated 

carriers. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. J - V curves of 200 nm thick PbS QD solar cells under continuous illumination from FTO or 

MAM side; a) only p-type PbS QD solar cells (100-0 n/p type), b) only n-type PbS QD solar cells (0-100 

n/p type). 
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Figure 3. Transient current curves of only p-type (0-100 n/p) or only n-type (100-0 n/p) PbS QD solar 

cells under pulsed illumination from FTO or MAM side. 
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Figure 4. IPCE spectra under continuous illumination from FTO or MAM side; (a) only p-type QD solar 

cells, (b) n-type PbS QD solar cells. 

  



 
 

 
 

 

 

Figure 5. J-V curves of fabricated PbS solar cells containing p-n junction under the top and bottom 

illuminations. The 200 nm thick PbS active layer consists of p- and n-type PbS layers of different thickness 

ratios. A relative thickness ratio of n- and p-type PbS layer is 8:2 for 80-20 n/p solar cell (160 nm thick n-

layer/40 nm thick p-layer), 5:5 for 50-50 n/p solar cell (100 nm thick n-layer/100 nm thick p-layer), and 2:8 

for 20-80 n/p solar cell (40 nm thick n-layer/160 nm thick p-layer).   
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Figure 6. Transient current curves of p-n junction type PbS solar cells. The 200 nm thick PbS active layer 

consists of p- and n-type PbS layers of different thickness ratios. A relative thickness ratio of n- and p-type 

PbS layer is 8:2 for 80-20 n/p solar cell (160 nm thick n-layer/40 nm thick p-layer), 5:5 for 50-50 n/p solar 

cell (100 nm thick n-layer/100 nm thick p-layer), and 2:8 for 20-80 n/p solar cell (40 nm thick n-layer/160 

nm thick p-layer). 
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