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ABSTRACT 1 

Inherent unidealistic properties associated with materials and device structures inevitably limit 2 

performance of photovoltaic devices. To overcome the inherent limit, judicious use of 3 

ferroelectric materials has been introduced. Here, we demonstrate modulations of charge 4 

carrier transport at the heterojunction interface with respect to polarities of electric dipoles. 5 

Attributed to an additional electric field by the ferroelectric effect, a built-in potential at the 6 

junction increases, leading to enhanced charge carrier transport, reduced charge recombination, 7 

and consequently enhanced power conversion efficiency of lead sulfide quantum dot solar cells. 8 

The coupling of the ferroelectric effect with the solar cell provides an important platform to 9 

further develop solution processable flat panel solar cell technology. 10 

 11 

KEYWORDS 12 
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dynamics  14 
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INTRODUCTION 1 

Coupling of a piezoelectric or ferroelectric effect with semiconductors has attracted 2 

tremendous research interest in the fields of electronics and energy in recent years.(1-5) This 3 

is because of its ability to overcome inherent limits of materials and/or device structures by 4 

inducing an additional electric field that judiciously assists charge transport using the 5 

piezoelectric or ferroelectric effect.(4-6) In recent years, we have experienced extreme climate 6 

changes due to global warming, significantly impacting our daily lives. To mitigate and resolve 7 

this issue, tremendous efforts have been made in emerging solar cell technology. Among 8 

various promising solutions, integration of the ferroelectric material into photovoltaic cells has 9 

been considered as one of the promising approaches to boost power conversion efficiency 10 

(PCE).(6-8) 11 

Colloidal lead sulfide quantum dots (PbS QDs), emerging material for solution-processable 12 

photovoltaics, offer a promising platform to realize solution processable, cost-effective, stable, 13 

and high-performance photovoltaic devices attributed to their fascinating materials properties, 14 

for example, high photostability, bandgap tunability, and high absorption coefficient.(9-11) In 15 

addition, the ability to harvest the near-infrared spectrum further provides great advantages for 16 

tandem solar cell applications.(12-14) Up to now, several reports have demonstrated a 17 

synergistic effect of coupling the piezoelectric effect into PbS QD solar cells (QDSCs).(6,15) 18 

For example, a flexible QDSC with the piezoelectric effect showed significant device 19 

improvement by inducing the piezoelectric potential/field through stretching and bending the 20 

substrate.(6) 21 

However, in terms of flat solar panel applications, it is not practical to use such external stimuli 22 

to induce the additional electric field. Therefore, a more practical approach is required when it 23 

comes to the photovoltaic applications using the coupling effect on the solid unbendable 24 

substrate. In this regard, the ferroelectric effect offers a great advantage to control a direction 25 
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of electric dipoles in a desirable way by simply applying an external bias. For this reason, 1 

efforts have been paid to investigating the coupling effect between the ferroelectric and 2 

photovoltaic effects, for example, in organic and perovskite solar cells.(16-21) However, there 3 

has been a lack of systematic researches on the ferroelectric effect in the PbS QDSCs so far 4 

due to a small number of crystalline classes available for the ferroelectric effect compatible 5 

with PbS QDs, compared to the piezoelectric effect.(22) Furthermore, due to the insulating 6 

nature of a large bandgap ferroelectric material, such as poly(vinylidenefluoride-7 

trifluoroethylene) or (P(VDF-TrFE)), coupling of the ferroelectric effect into the PbS QDSCs 8 

has been a challenging task to date.(17) 9 

Here, we introduce QDSCs coupled with the ferroelectric effect using the P(VDF-TrFE) island 10 

layer to overcome its insulating nature. We demonstrate that the performance of QDSCs is able 11 

to be modulated with respect to the direction of electric dipole alignment. In addition, we 12 

investigate underlying mechanisms associated with charge carrier dynamics and recombination 13 

kinetics induced by the ferroelectric field at the heterojunction interface between an electron 14 

transport layer (ETL) and a QD layer. Two sets of systematic simulations are performed and 15 

the combined experiment and simulation results demonstrate the modulation of properties at 16 

the heterojunction induced by the ferroelectric field effect. This result revealed the relationship 17 

between charge carrier dynamics and the associated solar cell parameters concerning the 18 

heterojunction interface. We believe that our study on the ferroelectric field-assisted QDSCs 19 

offers new revenue for designing optoelectronic devices based on heterojunctions of 20 

nanomaterials.  21 

 22 

RESULTS AND DISCUSSION 23 

Figure 1(a) illustrates a band diagram of a QDSC composed of indium tin oxide (ITO) as an 24 

electrode, a ZnO layer as the ETL, a P(VDF-TrFE) island layer to induce a ferroelectric field, 25 
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PbS QD layers, and gold (Au) as a top electrode. Energy band levels of each layer was 1 

determined using previous reports.(6,23-29) An inset image in Figure 1(a) shows the chemical 2 

structure of P(VDF-TrFE) where the electric dipoles due to negative fluorine and positive 3 

hydrogen atom induce an electric field when they are aligned.(30) QDSCs were fabricated by 4 

a layer-by-layer (LBL) spin-coating method following our previous reports.(26,31) In 5 

particular, an island structure P(VDF-TrFE) layer was introduced in order to ensure charge 6 

carrier transport as the P(VDF-TrFE) is a natural insulator.(32-34) The P(VDF-TrFE) island 7 

structures could be formed by using two strategies. First, by controlling the concentration of 8 

P(VDF-TrFE) solution, we could achieve a P(VDF-TrFE) film with wider channel area to 9 

conduct photo-generated charges as shown in Figure S1(a) and (b) in Supporting Information 10 

(SI). Second, we employed a spin-casting method, i.e. dropping of the solution while the 11 

sample is spinning, to reduce the contact time of the P(VDF-TrFE) solution to the ZnO layer. 12 

These strategies led to the formation of P(VDF-TrFE) island structures as shown in Figure 13 

S1(c). To form a ferroelectric β-phase, the P(VDF-TrFE) film was thermally annealed in an 14 

oven at 130°C for 90 minutes. Figure 1(b) and Figure S2(a) and (b) in SI indicate the P(VDF-15 

TrFE) island structures formed the ferroelectric β-phase.(6,35) Figure 1(c) shows a 3D 16 

morphology and phase image of the well-distributed P(VDF-TrFE) island layer measured by 17 

atomic force microscopy (AFM), and Figure S2(c) provides the height information of the 18 

structure which was found to be ~ 20 nm. Then, PbS QDs were deposited, followed by a ligand 19 

exchange process to tune the insulating nature of the QDs capped with oleic acid into N- and 20 

P-type semiconducting ones by using tetrabutylammonium iodide (TBAI) and 1,2-21 

ethanedithiol (EDT), respectively. TBAI and EDT ligands were particularly chosen for our 22 

study as they have demonstrated high stability with one of the highest performances to 23 

date.(36,37) As shown in Figure 1(d), PbS QDs had the bandgap of ~1.43 eV by the ultraviolet-24 

visible spectroscopy (UV-vis) analysis and showed the typical rock-salt cubic crystalline 25 
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structure with a lattice fringe of (100) by high-resolution transmission electron microscopy 1 

(HRTEM). The total thickness of the QD layers were measured by AFM as shown in Figure 2 

S3, and it was found to be approximately 250 and 50 nm for TBAI and EDT layers, respectively.  3 

 4 

For simulation work, the similar geometry of the P(VDF-TrFE) islands structure was used. 5 

Specifically, a ratio between a ZnO layer (an open area) and the P(VDF-TrFE) island structures 6 

was found to be 0.32 – 0.34 (1.7/5 μm) from the AFM image in Figure 1(c). Based on this 7 

result, we designed a QDSC simulation model using COMSOL Multiphysics. As shown in 8 

Figure 2(a)-(c), the ratio between the ZnO layer and P(VDF-TrFE) island structures was kept 9 

to the similar ratio of 0.33 along the y-axis. Solar cell parameters used for simulation studies 10 

were from the previous reports using the same ligands and structures.(6,38) From the 11 

simulation results, first of all, we noticed the modulation of a depletion region with respect to 12 

the polarity of electric dipoles. Compared to the reference model (Figure 2(a)), i.e. the pristine 13 

state of electric dipoles, the depletion region was enlarged (Figure 2(b)) when the electric 14 

dipoles were aligned in a way that negative charges are positioned toward the ZnO layer and 15 

positive charges are positioned toward the QD layer (we denote this as a negative poling from 16 

now on). On the contrary, the depletion region was reduced when electric dipoles were aligned 17 

to the opposite direction to the negative poling, i.e. positive charges to the ZnO layer and 18 

negative charges to the QD layer, as shown in Figure 2(c) (denoted as a positive poling from 19 

now on). The modulation of the depletion region is attributed to the ferroelectric field generated 20 

by the aligned electric dipoles, and consequently, the built-in potential at the heterojunction 21 

interface was modulated, as shown in Figure S4 in SI. Second, the modulation of charge carrier 22 

transport induced by the ferroelectric field is visualized in Figure 2(d)-(f) where the direction 23 

and the size of arrows indicate an electron flow and the intensity of the electric field at the 24 

point. To simulate positive and negative electric poling, charge density at the P(VDF-TrFE) 25 
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surface was set from -1.60 to +1.60 mC/m2 whose values were based on previous reports on 1 

the surface charges of poled P(VDF-TrFE) layer.(6,39) As shown in Figure 2(d)-(f) and Figure 2 

S5, depending on the polarity of the electric dipoles, electron transport at the heterojunction 3 

was modulated. In particular, when the device was positively poled, the QDSCs exhibited 4 

enhanced charge carrier transport attributed to the higher electric field at the heterojunction 5 

(Figure 2(c) and (f)). This leads to reduced recombination and concomitantly enhanced PCE. 6 

 7 

To verify the ferroelectric effect in real QDSCs based on the simulation studies, we fabricated 8 

QDSCs with the structure shown in Figure 1(a). It is worth noting that QDSCs with the P(VDF-9 

TrFE) island layer before electric poling (denoted as a reference in Figure 3 and 4) exhibited 10 

slightly higher device performance than that of QDSCs without the P(VDF-TrFE) island layer 11 

as shown in Figure S6 in SI. This suggests that P(VDF-TrFE) island structures are well-12 

distributed and there is no performance degradation due to the insulating nature of P(VDF-13 

TrFE) polymer. This is due to the spontaneous polarization field of the P(VDF-TrFE) layer and 14 

is well-consistent with our previous study using the piezoelectric field.(6) Table S1 summarizes 15 

solar cell parameters shown in Figure S6 where average values and standard deviations were 16 

extracted from 20 devices for each type using the statistics function in the Origin software. 17 

Next, to test the ferroelectric effect on the QDSCs, the electric poling was performed by 18 

applying 3 V of DC bias to ITO and Au electrodes for 30 minutes at room temperature, i.e. 19 

below the Curie temperature.(40-42) Specifically, applying a positive bias to the ITO and a 20 

negative bias to the Au electrodes leads to the dipole polarization shown in Figure 2(b), or 21 

negative poling. In contrast, the application of the negative bias to the ITO and the positive 22 

bias to the Au electrodes forms the dipole polarization shown in Figure 2(c), or positive poling. 23 

After the poling process, the QDSCs were grounded for 2 hours to neutralize any trapped 24 

charges. It is also worth noting that after the positive and negative poling processes, the phase 25 
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of the P(VDF-TrFE) film did not change as shown in Figure S7, indicating that P(VDF-TrFE) 1 

layer is in the ferroelectric β-phase. As shown in Figure 3(a), a dark current level of QDSCs 2 

with the negative poling was three orders higher than other QDSCs at low bias voltages, i.e. 3 

below the turn-on voltage. The I-V curve at the low bias range is related to shunt current and 4 

shunt resistance (Rsh), and therefore, the high leakage current indicates that the QDSCs with 5 

the negative poling suffered from severe charge carrier loss through recombination.(43-45) 6 

This is because as only direction of electric dipoles was changed while maintaining all other 7 

conditions, modulation in (photo)current, Rs, and Rsh, and consequently recombination losses 8 

are correlated to each other. Consequently, the device exhibited the high recombination current, 9 

resulting from the lower electric field at the heterojunction by the additional ferroelectric field 10 

(negative poling). On the other hand, the QDSCs with the positive poling exhibited the lowest 11 

dark current at the low bias voltage and an improved diode curve as the bias increases, which 12 

is attributed to the ferroelectric field (positive poling) that enhanced the electric field at the 13 

heterojunction. This result suggests that the ferroelectric field can assist effective charge carrier 14 

transport, lowering charge recombination rates and thus leakage current. Figure 3(b) illustrates 15 

performances of QDSCs with respect to the direction of electric dipoles. Based on the reference 16 

cell (black line), overall parameters of the QDSC were significantly improved when the 17 

P(VDF-TrFE) island layer was positively poled (red line) whereas the QDSC with the 18 

negatively poled P(VDF-TrFE) island layer exhibited poor device performance, in particular, 19 

with aggravated FF from 0.58 ± 0.03 to 0.44 ± 0.04, series resistance (Rs) from 5.64 ± 1.67 20 

to 11.44 ±  1.32, and Rsh from 221.92 ±  43.72 to 88.35 ±  50.80. The amount of PCE 21 

improvement was found to be 60.2 % from negatively poled QDSCs to positively poled QDSCs. 22 

Interestingly, the QDSC with the negative poling returned to its original performance when the 23 

positive poling was performed to the negatively poled device subsequently, depicted with a 24 

green line in Figure 3(b). In contrast, QDSCs with only ZnO layer did not exhibit any 25 
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photocurrent modulation as shown in Figure S8 in SI, suggesting that the charge modulation is 1 

due to the ferroelectric field/potential by the P(VDF-TrFE) island structures. Key parameters 2 

of the QDSCs are shown in Table S2 and statistics of device performance are summarized in 3 

Figure 3(c), (d), and Table 1. In order to demonstrate that the modulation of QDSC performance 4 

was sorely from the ferroelectric effect, we compared the QDSCs with a non-ferroelectric layer 5 

and the QDSCs with the P(VDF-TrFE) layer. As shown in Figure S9 and Table S4 in SI, the 6 

QDSCs with the non-ferroelectric layer did not exhibit performance modulations when the 7 

devices were positively and negatively poled. Furthermore, changes in FF values were 8 

noticeable in the QDSCs with the P(VDF-TrFE) layer where the FF values increase (or 9 

decrease) to 0.58 (or 0.44) when the QDSC was positively (or negatively) poled. On the 10 

contrary, there were no significant changes in FF values in the QDSCs with the non-11 

ferroelectric layer. This further supports the coupling of the ferroelectric and photovoltaic 12 

effects in QDSCs with the P(VDF-TrFE) island layer. The experiment results further 13 

demonstrated improved QDSC performance by the positive poling which enhanced electric 14 

field at the heterojunction. This led to efficient charge carrier transport and reduced charge 15 

recombination, consistent with the simulation data in Figure 2. 16 

 17 

To further gain an insight into the pivotal role of the ferroelectric effect on the QDSC 18 

performance, we carried out further device simulation using COMSOL Multiphysics and 19 

SCAPS. First, we compared the ratio between JSC of the reference QDSCs (denoted as JSC0) and 20 

JSC of the QDSCs extracted by COMSOL simulation using the model studied in Figure 2. As 21 

shown in Figure 4(a) and (b), both the experiment and COMSOL simulation results show a 22 

similar trend. As the polarity of electric dipoles changed from negative to positive, the JSC/JSC0 23 

ratio increased. This suggests that more charges were collected at the electrode in QDSCs with 24 

the positive poling, which is well consistent with the simulation result discussed in Figure 2(d)-25 
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(f). Second, another set of device simulation was carried out using SCAPS. In this simulation 1 

setting, we used QDSC parameters attained from experiment results (Table 1) whereas the 2 

ferroelectric material was not constructed in the QDSC structure. Therefore, the simulation 3 

result will provide the relationship between the ferroelectric effect in the QDSC and the 4 

corresponding parameter modulations due to the ferroelectric effect. As shown in Figure 4(a) 5 

and (c), we observed a similar trend that the JSC/JSC0 ratio increased using parameters from the 6 

experiment results. This again indicates that more charges were collected at the electrode 7 

because of enhanced electric field at the heterojunction (Figure 4(a)) and reduced Rs as well as 8 

increased Rsh (Figure 4(c)), demonstrating the coupling effect of the ferroelectric effect with 9 

QDSC parameters associated with the charge carrier dynamics. From the combined results of 10 

experiments and both simulations, we concluded two primary effects of the ferroelectric field 11 

at the heterojunction interface. First, the ferroelectric effect effectively modulated charge 12 

carrier transport at the heterojunction. In particular, with the positive poling, more 13 

photogenerated charges were collected at the electrode attributed to the facilitated charge 14 

carrier transport and reduced recombination at the heterojunction, which is consistent with the 15 

Figure 2 and 3. Second, the SCAPS device simulation further demonstrated the relationship 16 

between the ferroelectric effect and the corresponding modulation of QDSC parameters. 17 

Facilitated charge carrier transport is projected to the decrease in the Rs value whereas reduced 18 

recombination is projected to the increase in the Rsh value when the device was positively 19 

poled.(43-45) On the contrary, with the negative poling, QDSCs exhibited aggravated device 20 

performance due to inefficient charge carrier transport and increase in recombination, which 21 

was projected to the device parameters (Rs and Rsh) and demonstrated by the device simulation. 22 

 23 

 24 

 25 
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CONCLUSION 1 

In sum, we investigated the role of the ferroelectric effect at the heterojunction interface 2 

between the ZnO and the QD layer and corresponding changes in QDSC parameters. Through 3 

the electric poling processes, the polarity of P(VDF-TrFE) layer was able to be tuned, leading 4 

to the modulation of charge carrier dynamics and recombination kinetics of the QDSCs. With 5 

the positive poling, a higher built-in potential was induced at the heterojunction, resulting in 6 

an increase in photocurrent due to efficient charge transport and reduced recombination. On 7 

the other hand, QDSCs with the negative poling exhibited a high leakage current in the dark, 8 

indicating high recombination at the heterojunction due to the reduced built-in potential. The 9 

results were supported by both experiment and two sets of simulation studies using COMSOL 10 

Multiphysics and SCAPS. Our study provides valuable information on the effect of the 11 

ferroelectric field on the QDSC performance, and the relationship between the ferroelectric 12 

effect and corresponding modulation of QDSC parameters.   13 
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 1 

Figure 1. (a) The structure of the QDSC with the ferroelectric P(VDF-TrFE) island layer where 2 

the inset image shows the chemical structure of the P(VDF-TrFE). (b) XRD measurement 3 

P(VDF-TrFE) island structures coated on a glass substrate. (c) 3D and phase image of the 4 

P(VDF-TrFE) island layer after the thermal annealing measured by AFM. (d) HRTEM image 5 

and optical absorption spectrum of the as-synthesized PbS QDs (Scale bar: 4 nm). 6 
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 1 

Figure 2. (a)-(c) Modulation of the depletion region with respect to the direction of the electric 2 

dipole alignment: (a) initial state, (b) negatively poled, and (c) positively poled where the 3 

negative and positive charges in the image indicate the direction of electric dipoles. (d)-(f) 4 

Visualized electron flows and electric field intensity depicted by the direction and size of 5 

arrows, respectively: (d) initial state, (e) negatively poled, and (f) positively poled where the 6 

negative and positive charges in the image indicate the direction of electric dipoles. 7 
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 1 

Figure 3. (a) Dark current and (b) photocurrent of reference, negatively poled, and positively 2 

poled QDSCs. (c) and (d) Parameters of reference, negatively poled, and positively poled 3 

QDSCs.  4 
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 1 

Figure 4. (a)-(c) The ratio of JSC/JSC0 in QDSCs with respect to the direction of electric poling 2 

extracted from (a) real QDSC devices, (b) COMSOL simulation, and (c) SCAPS simulation. 3 
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Table 1. Average QDSC performances with respect to the poling direction. 1 

 VOC (V) J
SC 

(mAcm-2) Rs (Ωcm2) Rsh (Ωcm2) FF PCE (%) 

Negative 0.56 ± 0.01 20.61 ± 1.32 11.44 ± 1.32 88.35 ± 50.80 0.44 ± 0.04 5.05 ± 0.57 

Reference 0.57 ± 0.01 22.94 ± 1.21 9.04 ± 0.62 205.92 ± 39.22 0.55 ± 0.02 7.14 ± 0.33 

Positive 0.58 ± 0.02 24.14 ± 1.04 5.64 ± 1.67 221.92 ± 43.72 0.58 ± 0.03 8.09 ± 0.44 
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