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ABSTRACT 

 

In recent times, the emergence of organic-inorganic halide perovskite materials have been 

considerable attention to many scientists in photovoltaic fields due to high light absorption 

coefficient, outstanding charge carriers diffusion length and optical band gap as light absorbers.  

Herein, we have applied colloidal quantum dots to hole-conducting layers in 

methylammonium lead triiodide-based perovskite solar cells. First, we use lead sulfide(PbS), 

colloidal quantum dots(QDs) which are synthesized by hot-injection method due to low-cost, 

solution-processable materials, strong absorption coefficient and size-dependent optical 

properties compared to expensive organic-conducting materials. They are spin-coated on 

mesoscopic perovskite layers to form n-i-p junctions. The devices with different optical band 

gaps of PbS QDs show slightly enhanced current density contrary to reduced open-circuit 

voltages than hole-free perovskite solar cells. The maximum power conversion efficiency has 

reached 6.7% with PbS QDs. We also synthesized Au-PbS core-shell structures for the hole-

transporting layer due to strong p-type doping effect resulting in enhanced hole transfer and 

the relation between plasmon from cores and excitons from shells. Furthermore, we have 

applied CZTS and CZTSe QDs composed of quaternary Copper-Zinc-Tin-Sulfur or Selenium 

compounds to hole transport layer for enhancing the photovoltaic performances and tuning 

band gaps of perovskite solar cells. CZTS and CZTSe QDs with diameters of 10 to 20nm were 



 

ii 

 

also synthesized by hot-injection method and when they are spin-coated on the absorber layer 

solar cell devices show higher current density, open-circuit voltage and IPCE than hole-

conducting materials free perovskite solar cell. Their maximum power conversion efficiency 

has been over 7% and open-circuit voltage has been changed depending on particle’s 

compositions. 

 

Keywords: hot-injection method, Perovskite solar cells, n-i-p heterojunction solar cell, colloidal quantum dots,  

PbS, CZTS QDs, CZTSe QDs 
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1. Introduction 

 

Due to rapidly growing world population, energy consumption with burning fossil fuels have 

been also increasing every year. Excessive CO2 gases that are come from fossil fuels bring 

about global warming, causing unexpected climate such as El Nino, heat wave and such. To 

solve the problems, the light of sun in the renewable energy has been attention to many 

scientists because of an infinite energy source and zero carbon energy for generating electricity. 

Above all, solar cells have been regarded as a promising means directly converting the light 

into electricity. Commonly used solar cells are based on crystalline silicon materials but they 

have problems that silicon materials absorb too narrow wavelengths to limit performance of 

solar cells and the cost of production is high. Thus, new types of solar cells has emerged to 

complement those defects. One of the famous things in a variety of solar cells is perovskite-

based solar cells. Perovskite materials, CH3NH3PbBr3 and CH3NH3PbI3, were first introduced 

in dye-sensitized solar cells (DSSCs) by T. Miyasaka and co-workers in 20091. They reported 

CH3NH3PbI3 and larger-band gap CH3NH3PbBr3 could be used as absorbers and sensitizers in 

liquid-electrolyte-based DSSCs, the highest power conversion efficiency (PCE) reached 3.8% 

when CH3NH3PbI3 and iodide-based electrolyte were employed but the stability was poor due 

to the reaction between sensitizers and liquid electrolyte. Since then, N.G Park and co-workers 

have improved the performance of perovskite-based DSSCs by changing electrolyte, TiO2 

process and processing of depositing perovskite nanocrystals, resulting in higher PCE of 6.5% 

and enhanced stability compared with the previous thing2. However liquid-electrolyte-based 

perovskite solar cells were still degraded in the short time due to liquid solution. When N. G. 

Park in collaboration with the group of M. Grätzel suggested a solid-state hole-transporting 
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material to replace the liquid electrolyte, it has made perovskite solar cells advanced in terms 

of the stability and performance of cells3. Since solid-state hole-transporting materials were 

applied to perovskite solar cells, many groups researching perovskite solar cells in the world 

have reported extremely high performance of the solar cells in many different compositions 

and different processes4,5. To date, the certified power conversion efficiencies have risen to 

more than 20% in just 3 years6 and most of those groups have commonly used state-of-the-art 

HTM such as PTAA, spiro-MeOTAD (2,2′,7,7′-tetrakis- (N,N-di-p-methoxyphenylamine)-

9,9′-spirobifluorene)), P3HT, in n-i-p heterojunction perovskite solar cells.7 However, it is 

difficult for commonly used polymers to be commercialized to the photovoltaic markets 

because of complicated synthetic processes for high-quality powders which result in production 

cost rise and poor hole-mobility without p-dopants.8 In terms of them, inorganic hole-

transporting materials which have cheaper price concerning easily synthetic routes, high hole 

mobility and higher stability than organic materials have been suitable replacement materials 

in perovskite solar cells based on organic-composed HTMs.9 Inorganic HTMs have been 

already reported by a few groups.10,11,12 Among inorganic HTMs, colloidal quantum dots have 

been good candidates that they have low-band-gap to be tuned properly to the band gaps of 

perovskite materials by simple methods and additional ability to harvest near-infrared region, 

causing much higher photocurrent density13,14,15 with compensating the absorption of the 

perovskite layers. Furthermore, colloidal quantum dots as hole-transporting or electron-

transporting materials have reached more than 10%.16,17,18 Although quantum dot based 

perovskite solar cells have many challenges to enhance properties of perovskite solar cells like 

capping organic ligands and interface between layers, they could be potential to enhance 

photovoltaic parameters.  

In this report, we synthesized and characterized colloidal nanoparticles. Among them, we 



 

- 3 - 

 

report well-known p-type colloidal quantum dots such as PbS, Au-PbS, Cu2ZnSnS4 (CZTS), 

Cu2ZnSnSe4 (CZTSe) QDs and applied to hole-transporting layers in perovskite solar cells. 

PbS quantum dots have been already reported as absorbers for photovoltaic devices19,20,21 due 

to high absorption coefficient and a wide range of tunable band gaps. Surely, PbS quantum dots 

have been investigated to replace organic-conducting polymers with them.22 We have 

introduced solution-processed PbS QDs as a hole-transporting material for mesoscopic 

perovskite solar cells. When the different sizes of PbS QDs, characterized by optical 

measurements, were applied they did show higher current density and slightly changed open-

circuit voltages through measurements. When the Au-PbS core-shell nanostructures were 

applied to the hole-transporting layer, it couldn’t show higher performance than expected. We 

have also investigated the effect of open-circuit voltage in perovskite solar cells as CZTS and 

CZTSe QDs were applied to hole-conducting layers. Properties of CZTS and CZTSe quantum 

dots have been reported by synthetic groups and device groups.23,24 The results of optical 

measurements and photovoltaic measurements showed different stoichiometry of quantum dots 

had an effect on Voc of the devices and efficient hole transporter. 
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2. Theoretical Section 

 

2.1 Colloidal Quantum Dots 

2.1.1 Solution phase synthesis of quantum dot nanoparticles 

 

Figure 2.1 A schematic image of hot-injection method of colloidal synthesis. 

 

Colloidal synthesis using semiconducting materials and organic solvents has been one of the 

most powerful method in the production of nanocrystals. This method was first introduced by 

Brus and Henglein in 1908. Time passed, high-quality and monodisperse colloidal quantum 

dots (CQD) was presented by Murray et al.25 When injecting the precursors into reaction flask, 

atomic species constitute certain sizes of the nanocrystals with deposition of organic capping 

groups like OA, TOP, TOPO and so on. Organic solvents serve two goals. Its main goal is 

enhancing the solubilization of metallic compounds and dispersing nanocrystals and the 

reactants in the growth mechanism. Another goal is controlling the reaction rate. The growth 

of nanocrystals is influenced by attachment or detachment of solvent molecules, called surface 

ligands or surfactants. The surfactant molecules have non-polar alkyl chains and polar head 

group. The form of the non-polar group and binding strength of the polar group in organic 

N
2
 o

r 
V
a
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Surface modification 
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solvents affects the growth mechanisms of nanocrystals.26 Based on these points, Solution-

based nanocrystal synthesis is easily controllable size and the shape of nanocrystals with low 

cost productions27 and can be applied to many electronic devices.28 

 

2.2.2 Properties of colloidal quantum dot nanoparticles 

Colloidal quantum dots are nanometer-sized semiconducting materials. Among their 

properties, quantum confinement effect is a representative property which correlate band gap 

tunability and occur when the length scales of atomic structures reach 1 to 25nm in IV, III-V, 

II-VI semiconducting materials and electronic wave function is similar to particle size. It also 

happens that the dimensions of semiconductor particles (quantum dots) are less than bohr 

exciton radius. With this in effect, continuous energy band levels are changed to be discrete 

like atomic band levels. Discrete band levels or states has each absorption spectrum. 

 

2.2 Perovskite Solar Cells 

2.2.1 The advancement of efficiency in perovskite solar cell  

 

Figure 2.2 Latest efficiencies of photovoltaic devices. Reprinted from NREL. 
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Since perovskite materials were applied to DSSCas a sensitizer and collaborated with solid-

state hole-transporting materials, solid-state perovskite solar cells have been dramatically 

attention to engineers in the world compared with other types of solar cells.29 Recently, the 

efficiency of perovskite solar cells reached more than 21% by EPFL6 and KRIC/UNIST groups 

through more advanced fabrications and it will have been continuous issues in photovoltaic 

fields. 

 

2.2.2 Properties of organic-inorganic perovskite materials 

 

Figure 2.3 A lattice structure of perovskite materials. ABX3 

 

The stoichiometry of perovskite materials is ABX3 with cubic crystal structure. A is an organic 

cation(generally CH3NH3
+ or (NH2)2CH+ or inorganic components like Cs+), located at 

cubooctahedral sites, B is a metal cation(generally Pb2+ etc), and X is a halide anions(I-, Br- or 

Cl-). The indicator for stability and distortion of perovskite materials is tolerance factor (t), t =

(𝑅𝐴 + 𝑅𝐵)/[√2(𝑅𝐵 + 𝑅𝑥)], where RA,RB and RX are ionic radius for A, B and X ions each. 30 

As t value approaches 1, it means ideal cubic perovskite. Based on CH3NH3PbI3, the absorption 

coefficient(α), which determines how far into a material light of a particular wavelength can 

penetrate before it is absorbed, was measured to be 1.5 x 104 cm-1 at 550nm, indicating 

A 

B 
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penetration depth 0.66µm, and 0.5 x 104cm-1, indicating penetration depth 2µm, which means 

it is suitable for absorbers in photovoltaic devices. The valence, conduction band level and 

band gap of CH3NH3PbI3, typically used, was reported to be -5.43eV, -3.93eV and 1.5eV 

through optical measurement. 3  

 

2.2.3 Structural types of perovskite solar cells 

 

Figure 2.4 n-i-p structure of perovskite solar cells. (a) mesoscopic concept with nanooxide 

materials, (b) planar heterojunction type 

 

There are two types of n-i-p perovskite solar cells as commonly fabricated. The n-i-p structure 

consists of n-type semiconductors (electron-transporting materials) contacting on transparent 

conducting substrates and intrinsic semiconductors and p-type semiconductors hole-

transporting materials) contacting on electrodes. Porous TiO2 and Al2O3
31

 have been commonly 

used as n-type materials and CH3NH3PbX3
32 or FAPbX3

33 or CsPbX3
34,35 have been commonly 

used as absorber layers and Spiro-MeOTAD8,36 or PTAA5 have been in common use as p-type 

materials. In early steps, perovskite solar cells containing porous TiO2 and Al2O3 did lead to 

highly efficient solar cells but there were some problems concerning hysteresis.37,38 Planar 

heterojunction types or many kinds of perovskite solar cells have appeared to solve that 

TiO
2
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FTO 

HTM 
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FTO 
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problem.39 

 

2.2.4 Fabricating solution-processed perovskite solar cells 

 

Figure 2.5 Two kinds of fabrication solution-processable perovskite solar cells 

 

 

There are two fabrication processes in solution-processed perovskite solar cells. One-step 

process is that CH3NH3PbI3 and PbI2 powders are dissolved in DMF or r-butyloractone2 and 

the solution is coated on pre-treated glasses. That had a problem concerning the uniformity.40 

After solvent engineering or other techniques appeared41,42,43, large grain-sized perovskite films 

have been achieved to be highly efficient solar cells. Two-step process is also used to fabricate 

devices. This is slightly different from one-step process. PbI2 powders are dissolved in DMF 

and the solution is coated on pretreated glasses and then a certain concentration of CH3NH3I 

dissolved is loaded on PbI2 coated glasses. As reported by N.G park et al44, the concentration 

of CH3NH3I solutions affected growth of perovskite films or morphologies.  

Heat treatment 

MAI+PbI
2
+DMF or GBL 

TiO
2
 

CH
3
NH

3
PbI

3
 films 

Spin-coating One-step process 

PbI
2
+DMF 

TiO
2
 

MAI+IPA 

Heat treatment 
CH

3
NH

3
PbI

3
 films 

Two-step process 
Spin-coating 



 

- 9 - 

 

3. Experimental Section 

 

3.1 Materials 

 Gold(III) chloride(99.99%, Alfa), didodeclydimethyl ammonium bromide(DDAB, 98%, 

Aldrich) ,  Sodium borohydride(NaBH 4 ,  99%, Aldrich) ,tet rabutyl  ammonium 

borohydride(TBAB, 98%, Aldrich), 1-dodecanethiol(1-DDT, ≥98%, Aldrich), lead(II) oxide 

(99.999%, Aldrich), 1-octadecene (ODE, 90%, Aldrich), oleic acid (OA, 90%, Aldrich), 

hexamethyldisilthiane (TMS2S, Aldrich), platinum(IV) chloride(99.99%, Alfa), 

Copper(II) acetylacetonate (Cu(acac)2, 99.99%, Aldrich), tin(IV) acetate (Sn(OAc)4, Aldrich), 

zinc acetate (Zn(OAc)2, 99.99%, Aldrich), sulfur powder (S, 99.98%, Aldrich), selenium 

powder (Se, 99.99%, Aldrich), trioctylphosphine oxide (TOPO, 99%, Aldrich) 

 

3.2 Synthesis of Colloidal Quantum Dots 

3.2.1 Synthesis of colloidal gold nanoparticles 

We modified the synthesis of gold nanoparticles reported by Prasad et al.45 In a typical 

procedure, 0.068g gold(III) chloride and 0.185g DDAB(didodecyldimethylammnonium 

bromide) were dissolved into 20mL toluene by sonication for 1h. After fully dissolved(red 

color solution), we prepared a solution composed of 0.07g NaBH4 and 0.2mL deionized water 

and dropped slowly into the solution with vigorous stirring for reduction reaction of gold ions. 

The color of the solution were changed from red to purple during the reaction. After 30 minutes, 

1.6mL 1-didodecanethiol was added to the solution and the solution were kept stirring for 5 

minutes. To extract final products from the crude solution, Ehtanol was added to the solution, 

which was consecutively precipitated by centrifugation. Purple precipitates were dispersed in 

a suitable amount of toluene and then filtered by 0.45 micron filter. All experiments were 
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carried out in ambient condition.   

 

3.2.2 Synthesis of colloidal PbS quantum dots 

The synthesis of PbS quantum dots was followed to the previous method reported by J.S Lee 

et al46. 0.226g of lead oxide, 5ml ODE and 5ml OA were prepared in a 25mL 3-neck round-

bottom flask and stirred quickly and heated to 140℃ for 1 h under the vacuum condition to 

make lead oleate precursors. The mixture of 120µl TMS2S and 2ml dry ODE were prepared in 

the glove box. After cooling to 100℃, TMS2S-ODE solution was injected into the flask and 

quickly quenched to room temperature using ice-water bath to make proper sizes of quantum 

dots. After then, the quantum dots were separated from product solution. To precipitate 

quantum dots, we added ethanol/hexane solution to product solution by centrifugation. This 

step was carried out several times to get mono-disperse particles. Final products were re-

dispersed into hexane or non-polar solvents. They were keep in a nitrogen-filled glove box. 

The particles have different sizes with different temperature and duration time. 

 

3.2.1 Synthesis of colloidal Au-PbS quantum dots 

We consulted the synthesis method reported by J.S Lee et al.46 All experiments were carried 

out by using Schlenk line connected to nitrogen and vacuum line to prevent oxidation and 

moisture. 0.226g lead oxide were put into 5mL ODE and 5mL OA. The solution was stirred 

intensively and heated to 140℃ for 1h under vacuum condition. After that, the mixture was 

cooled to 100℃ slowly and kept it at 100℃ for 5minutes under nitrogen condition. Prepared 

Au nanoparticles(about 4nm, 1.2mL solution) were then injected to the precursor and kept it at 

100℃ for 5minutes to evaporate toluene from the mixture. The solution was heated to 120℃ 
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and then the mixture of 120µl TMS2S and 2ml dry ODE was injected. After reaction, the color 

of solution were changed to dark-brown and kept at 120℃ for 7 minutes to grow PbS shells. 

The solution was quenched to room temperature by a water bath in 7 minutes and precipitate 

the product, using ethanol and hexane. To get monodisperse core-shell structure, washing 

procedure was carried out three times. The final product was dispersed in hexane or 

chlorobenzene. 

 

3.2.2 Synthesis of colloidal Cu2ZnSnS4 quantum dots 

 We followed synthesis procedures reported by Amy L. Prieto et al. 24 In a typical procedure, 

0.4585g Cu(acac)2, 0.1975g Zn(OAc)2, 0.3325g Sn(OAc)2 and 15mL OLA were prepared in a 

25mL 3-neck round-bottom reaction flask and stirred vigorously and heated to 150℃ under 

vacuum condition. The temperature was cooled to 125℃ and the precursor was kept at 125℃ 

until injection. The mixture 0.212g Sulfur powders and 0.151g NaBH4 and 15mL OLA was 

sonicated in a 20mL until fully dissolved, approximately 1h. 50mmol TOPO in a 50mL 3-neck 

round-bottom flask was heated to 325℃ under vacuum condition and nitrogen atmosphere.  

Sulfur-based and Cu-Zn-Sn-based precursors had been ready to inject to a 50mL 3-neck round-

bottom flask rapidly via glass syringe for metal precursors and luer-lock tip syringe for Sulfur 

precursors before reaching temperature was 325℃. At 325℃, prepared precursors were injected 

to a 50mL flask at the same time. When the temperature was lowered to 285℃, after 5minutes, 

the mixture was quenched to room temperature by air-cooled method. To obtain final products, 

methanol was added to the product for removing residues like organic ligands. CZTS quantum 

dots were washed three times for mono-disperse and uniform nanoparticles. The product was 

redispersed in chlorobenzene or non-polar solvents. 
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3.2.3 Synthesis of colloidal Cu2ZnSnSe4 quantum dots 

We followed synthesis procedures as above. Procedures were almost same but different, 

especially changing sulfur powder into selenium powder. In a typical procedure, 0.4585g 

Cu(acac)2, 0.1975g Zn(OAc)2, 0.3325g Sn(OAc)2 and 15mL OLA were prepared in a 25mL 3-

neck round-bottom reaction flask and stirred vigorously and heated to 150℃ under vacuum 

condition. The temperature was cooled to 125℃ and the precursor was kept at 125℃ until 

injection. The mixture 0.521g Selenium powders and 0.151g NaBH4 and 15mL OLA was 

sonicated in a 20mL until fully dissolved, approximately 1h. 50mmol TOPO in a 50mL 3-neck 

round-bottom flask was heated to 325℃ under vacuum condition and nitrogen atmosphere.  

Sulfur-based and Cu-Zn-Sn-based precursors had been ready to inject to a 50mL 3-neck round-

bottom flask rapidly via glass syringe for metal precursors and luer-lock tip syringe for Sulfur 

precursors before reaching temperature was 325℃. At 325℃, prepared precursors were injected 

to a 50mL flask at the same time. When the temperature was lowered to 285℃, after 5minutes, 

the mixture was quenched to room temperature by air-cooled method. To obtain final products, 

methanol was added to the product for removing residues like organic ligands. CZTS quantum 

dots were washed three times for mono-disperse and uniform nanoparticles. The product was 

re-dispersed in chlorobenzene or non-polar solvents 

 

3.3 Solar Cell Fabrication 

The photovoltaic devices were fabricated on the fluorine-doped tin oxide-coated 

glasses(around ~13Ω/sq, Pilkington). The patterned glasses were prepared by etching specific 

areas through reactions between zinc powder(extra pure, duksan) and hydrochloric acid(20%, 
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daejung). After patterning the FTO glasses, they were rinsed with deionized water, detergent, 

acetone, ethyl alcohol and dried using nitrogen gas-blowing and subsequently treated by 

oxygen plasma for 20minutes.  

The compact layers of TiO2 (~30nm thickness) were deposited on the substrates by aerosol 

spray pyrolysis method at 500℃ using a solution containing 0.3ml titanium diisopropoxide 

bis(acetylacetonate) solution(75% in 2-propanol, Aldrich) diluted in 4mL ethanol(99.9%, 

Fisher) under ambient condition. After cooling down to room temperature, the substrates were 

cut in the shape of squarthen e, 1.5cm x 1.5cm. 

 The mesoporous layers composed of a TiO2 paste (Dyesol 30NRD, Dyesol) diluted in 

ethanol(1:3.5, weight ratio) were deposited on compact layer by spin-coating at 5000rpm for 

30s36 and then dried at 125℃ for 5 minutes. After that, the films were heated at 500℃ for 1h. 

When the temperature reached to room temperature, the films were immersed into 0.2M TiCl4 

aqueous solution(Aldrich) and rinsed with deionized water and subsequently heated at 500℃ 

for 1h. The thickness of mesoporous TiO2 layers was about 400nm. 

 The deposition of perovskite layers was followed to N.G park et al40, two-step deposition. 

461mg PbI2 powder(99%, Aldrich) was fully dissolved in 1ml DMF(≥99%, anhydrous, 

Aldrich) at 70℃ for 30 minutes and then filtered with 0.45μm pore-size hydrophilic syringe 

filters. The solution was kept and stirred at 70℃ during whole process. 30μl PbI2 solution was 

spin-coated at 3000rpm for 20s on the pre-heated substrates and then heated at 40℃ 3min, 

100℃ 5 min subsequently. After cooling down to room temperature, PbI2-coated films were 
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dipped in a solution of CH3NH3I3 in 2-propanol(10mg/ml, 0.063M) for 30s and rinsed with 2-

propanol followed by spin-coating at 4000rpm for 12s. After that, 100μL of 0.063M CH3NH3I3 

solution in 2-propanol(anhydrous, Aldrich) was loaded on the substrates for 20s, which was 

spun at 4000rpm for 20s and then dried at 100℃ for 10min. 

The HTM (~30μL) was spin-coated on the perovskite layers at 4000rpm for 30s, which was 

prepared by dissolving 28.9mg 2,2',7,7'-Tetrakis(N,N-di-p-methoxyphenylamino)-9,9'-

spirobifluorene (spiro-MeOTAD, ≥99.5%, Luminescence Technology corp.), 16.5μL 4-tert-

butylpyridine(96%, Aldrich), 7μL of lithium bis(trifluoromethanesulfonyl)amide (Li-TFSi, 

Aldrich) solution (520mg Li-TFSi in 1ml acetonitrile(99.8%, Aldrich)) and 8.8μL of cobalt(III) 

complex FK209 TFSI salt (Dyesol) in 400μL chlorobenzene(99.8%, Aldrich). The inorganic 

HTMs, colloidal PbS QDs or Au-PbS core-shells or CZTS QDs or CZTSe QDs capped with 

organic ligands and dispersed in non-polar solvents as chlorobenzene or octane, were spin-

coated on the perovskite layers at 4000rpm for 30s. 

 Finally, 100nm thickness of gold was deposited by thermal evaporator under high vacuum 

condition (<10-5 Torr) on the top of the devices as back contacts. All fabrication of the 

perovskite devices were carried out under ambient condition. 

 

3.4 Characterization  

Transmission electron microscopy (TEM) The morphologies of nanoparticles were 

characterized using a Hitachi HF-3300 FE-TEM operating an accelerating 300kV. The samples 

were prepared on the carbon-coated copper grids(Ted Pella). 



 

- 15 - 

 

Scanning electron microscopy (SEM) Nanostructured materials were characterized using  

S-4800 Hitachi FE-SEM (3kV) or SU-8020 Hitachi HR FE-SEM (3kV). Samples were 

prepared on FTO glass substrates by spin-coating and putting carbon paste electrode. 

Powder X-ray diffraction (XRD) XRD patterns of were collected using a Rigaku MiniFlex 

600 equipped with monochromatic Cu Kα radiation source at 298K. The nanoparticles on the 

glass were prepared by drop casting and then dried at 70℃ to evaporate organic solvents in 

ambient condition(PbS) or N2-filled glovebox.(CZTS, CZTSe) 

Time-resolved photoluminescence (TRPL) Time resolved photoluminescence decays of 

perovskite films were carried out using a time-correlated single-photon counting system 

utilizing Picoquant Model PicoHarp 300, a picosecond pulsed diode laser driver using 

Picoquant Model PDL 800-D with laser head LDH P-C-375 operating at 375 nm wavelength. 

The decays were generated at 770nm and fitted with double exponential decay. 

Ultraviolet photoelectron spectroscopy (UPS) The UPS spectra of CZTS and CZTSe QDs 

were carried out to certify band alignment of them in an ultraspectrometer (ESCALAB 250Xi, 

Thermo Scientific) equipped with He I (21.2 eV) discharge lamp.  

Optical measurement Absorption spectra were collected using Agilent Cary 5000 UV-vis-

NIR spectrophotometer. Spectroscopic analysis was carried out in solution for nanocrystals and 

in solid-state films for perovskite solar cells 

Photovoltaic measurement Photocurrent density-voltage (J-V) was characterized with a solar 

simulator (K-3300, McScience) giving light intensity AM 1.5G (100mW/cm2), calibrated by a 

c-Si photodiode (K801S-K13, McScience) as a reference. The active area of the square cells is 

0.05cm2. The incident photon conversion efficiency (IPCE) spectra was measured using an 

IPCE measurement system (K3100, McScience) 
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4. Results & Discussion 

4.1 Characterization of colloidal quantum dots 

 

Figure 4.1.1. TEM images of (a) Au NPs, (b) PbS QDs, (c) Au-PbS core-shell NCs. (d) HR-

TEM image of Au-PbS core-shell NCs. 

 

We synthesized gold nanocrystals capped with organic ligands like 1-DDT and DDAB 

molecules at room temperature and the particles were dispersed in toluene. PbS and Au-PbS 

nanocrystals were synthesized according to hot-injection method. 46 Figure 4.1.1 shows TEM 

images of as-synthesized nanocrystals. The transmission electron microscopy image of (a) in 

figure 4.1.1 shows that gold nanocrystals with thiol ligands are monodispersed45 and the 

average size of gold nanocrystals is approximately 4.5nm by metallic reduction reaction at 

20nm 

(a) (b) 

(c) (d) 
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room temperature. In figure 4.1.1 (b), it shows PbS QDs capped with oleic-acid have nearly 

round shape with 3.0nm size. In figure 4.1.1 (c), as-synthesized Au/PbS core-shell 

nanostructures have square and thick PbS shells surrounding Au nanocrystals, but they have 

spherical shape structures with lower temperature.46 The high crystallinity of core-shell 

nanostructures is shown in the high-resolution transmission electron microscopy (HRTEM) 

image in figure 4.1.1 (d). 

 

 

 

Figure 4.1.2. XRD patterns of PbS QDs coated on the glass substrates. 

 

X-ray diffraction patterns of as-synthesized PbS QDs were identified with a standard JCPDS 

card no. 78-1901. The diffraction patterns from PbS QDs were broadend due to nano-sized 

particles. Several peaks are matched to (111), (200), (220), (311), (222), (400), (331), (420) 

and (422) crystal planes of cubic phase PbS at 2 theta values, approximately 26, 30, 43, 53 and 

others.  
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Figure 4.1.3. UV-vis-NIR spectra of (a) Au NCs, (b) PbS QDs with different absorption 

peaks and (c) Au-PbS core-shell NCs. 

 

 

Figure 4.1.3 shows the absorption spectra of the Au nanocrystals, PbS QDs and Au-PbS core-

shell nanostructures, respectively. In comparison with the previous reported nanostructures 46, 

PbS and Au-PbS nanostructures were not significantly monodispersed samples. The absorption 

peak of Gold nanoparticles appeared at around 530nm in the visible region due to surface 

plasmon resonance band related to electron-surface collisions in noble metals.47 The first 

exciton absorption peaks of PbS QDs were shown at 830, 950 and 1120nm wavelengths, 

respectively. Those wavelengths approximately corresponded to optical band gaps of PbS QDs, 

1.5eV, 1.3eV, 1.1eV, respectively. In figure 4.1.3 (c), as-synthesized Au-PbS core-shelll 

nanostructures had broaden absorption wavelengths up to low-energy range and a strong p-

doping effect due to the coupling between surface plasmons in the metal cores and generated 

excitons in the semiconducting shells, reported previously.46 PbS and Au-PbS nanostructures 

would be expected to extract generated holes from perovskite layer. 
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Figure 4.1.4. XRD patterns for as-synthesized Cu2ZnSnSe4 and Cu2ZnSnS4 nanocrystals 

on the glass substrates. 

 

 

To find out structural characteristic, figure 4.1.4 indicates X-ray diffractions (XRD) patterns of 

the Cu2ZnSnSe4 (CZTSe) and Cu2ZnSnS4 (CZTS) quantum dots coated on the glass substrates. 

CZTSe quantum dots have shifted patterns compared to CZTS QDs, indicating that larger Se 

atoms changing lattice constants (a, c), Prieto et al.24 The diffraction peak positions of CZTS 

are matched to (112), (200), (220), (312), (224), (008), (332) planes of the kesterite crystal. 

CZTS QDs are identified as kesterite crystal structures, JCPDS no.26-0575. The diffraction 

peak positions of Cu2ZnSnSe4, JCPDS no.70-8936, corresponds approximately to (112) at 2Θ

=27.5˚, (204) at 2Θ=45˚, (312) at 2Θ=54˚, (400) at 2Θ=66˚, (316) planes at 2Θ=72.5˚ of 
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kesterite crystal structure. 

 

 
Figure 4.1.5. TEM images of (a) Cu2ZnSnS4 and (b) Cu2ZnSnSe4 quantum dots. 

 

 

Transmission electron microscopy images in figure 4.1.5 shows the morphologies of as-

synthesized CZTS and CZTSe QDs capped with Trioctylphosphine oxide (TOPO) and 

oleylamine (OLA) ligands and dispersed in toluene. Those QDs had almost circle shape and 

average diameter in the range of 10-20nm. As previously reported by Amy L. Prieto et al, 24 

the portion of selenium element affected particle diameter.   

  

(a) (b) 

20nm 20nm 
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Figure 4.1.6. (a) UPS spectrum of as-deposited CZTS and CZTSe nanocrystal films on 

the glass substrate, (left) the valence band edge in the short-range binding energy, (right) 

general UPS spectrum. (b) (αhν)2 vs energy plots where CZTS and CZTSe nanocrystal 

fims are determined to be 2.2eV and 1.92eV respectively. 

 

We carried out using UPS and UV-vis-NIR spectroscopy to determine electronic structure of 

CZTS and CZTSe QDs. As consulting some references,15,48 the workfunction of each quamtu 

dot was determined based on high binding energy onset and low binding energy onset 

respectively. We could calculate optical band gap of CZTS and CZTSe QDs from UV-vis-NIR 

measurement. CZTS QDs have the workfunction of 5.23 eV and band gap of 2.2 eV yielding 

the conduction band edge of 3.03 eV. CZTSe QDs have also the workfunction of 5.11 eV abd 

band gap of 1.9 eV, yielding the conduction band edge of 3.21 eV. 

 

Table 4.1. valence and conduction band edge of CZTS and CZTSe QDs 

Sample Evalence Econduction Eg 

CZTS QDs 5.23 eV 3.03 eV 2.2 eV 

CZTSe QDs 5.11 eV 3.21 eV 1.9 eV 
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4.2 Characterization of perovskite films 

 

 
Figure 4.2.1. Top view SEM images of (a) mesoporous TiO2 (30nm) films, (b) PbI2 films 

on mesoporous TiO2 layer and (c) CH3NH3PbI3 perovskite films with 10mg/ml MAI 

solution. 

 

 

We fabricated perovskite solar cells using modified two-step deposition40 by spin-coating. As 

shown in figure 4.2.1, scanning electron microscopy images showed the formation of 

perovskite films and the morphology of perovskite films. When the PbI2 crystals were 

converted to the perovskite crystals, the morphology and crystal size of the perovskite film was 

controlled by the concentration of methylammonium iodide (MAI) precursors dissolved in 2-

propanol.44,49 Our deposition process was optimized on 30nm TiO2 mesoporous layer (about 

400nm thickness) shown at figure 4.2.1 (a). The cuboid shapes of the perovskite crystal film 

were fabricated densely using 1M PbI2 and MAI-IPA solution (10mg/ml) and led to the rough 

surface of the perovskite layer on the mesoporous TiO2 layer. The crystal dimension for 

CH3NH3PbI3 domains was in the range of more than 100nm. 

  

500nm 500nm 500nm 

(a) (b) (c) 
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Figure 4.2.2. XRD patterns of PbI2 and CH3NH3PbI3 films on the glass substrates. 

 

Figure 4.2.2 shows XRD patterns of PbI2 and CH3NH3PbI3 films corresponding to the 

reference.50 The peaks of PbI2 film correlated with hexagonal 2H polytype crystal structure 

indexes. 36 A main peak of PbI2 corresponds to (001) crystal plane. After dipping process to 

form MAPbI3 crystal films, the conversion of PbI2 into MAPbI3 perovskite crystals was not 

complete. Additional dropping MAI-IPA solution during fabrication contributed to form more 

MAPbI3 crystal structures of which the peaks correspond to (110), (220) crystal planes in the 

tetragonal structure. Three films were not composed of mesoporous TiO2 layer, which causes 

different XRD patterns due to infiltrated crystalline PbI2. 
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Figure 4.2.3. Top-view SEM images of the perovskite film with different heat treatments 

on the pre-heated mesoscopic layer. (a) room temperature (b) 50℃ and (c) 70℃ glass 

coated on TiO2 

 

Pre or post-heating treatment influenced the formation of organometal halide perovskite thin 

films. Before depositing the perovskite layer, pre-heating treatment in two-step deposition was 

important to make dense perovskite film and affected the growth of perovskite domains. Figure 

4.2.3 shows that PbI2 substrates coated on the TiO2 layer depending on different pre-annealing 

treatment changed crystallinity of CH3Pb3I3 thin films. As increasing pre-annealing 

temperature, the bigger CH3NH3PbI3 crystals appeared and close-packed films formed. It was 

reported that pre-annealing treatment helped to increase perovskite size and enhance 

crystallinity of CH3NH3PbI3 crystals.51 The pin-hole free devices were fabricated at 50℃ pre-

heated glasses. 

  

500nm 500nm 500nm 

(a) (b) (c) 
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Figure 4.2.4. (a) Schematic structure of the device. (b) Cross-sectional SEM image of TiO2 

/ CH3NH3PbI3 / Spiro-MeOTAD / Au. 

 

 

Figure 4.2.4 (a) shows a schematic structure of the device consisting mesoscopic perovskite 

layer, spiro-MeOTAD and gold electrodes. The blocking layer (TiO2), which indicates 30nm 

thickness, was spray-coated at 500℃ to prevent holes formed in perovskite layer from 

reaching the fluorine doped tin oxide (FTO) electrode and. The thickness of the mesoscopic 

perovskite layer as an absorption layer was about 400nm thickness and upper perovskite layer 

on the TiO2 layer was 200nm thickness. Spiro-MeOTAD as hole-conducting materials, which 

has -5.22 eV HOMO level suitable for transporting holes, was average 150nm thickness and 

gold electrode was thermally evaporated with back contacts as shown in figure 4.2.2 (b). 
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Figure 4.2.5. (a) Current density-Voltage curve of CH3NH3PbI3 device with spiro-

MeOTAD under AM 1.5G spectrum (100mW cm-2) in the air (b) IPCE spectrum of the 

device with spiro-MeOTAD in the air. 

 

Table 4.2. Photovoltaic parameters for the perovskite solar cell with Spiro-MeOTAD 

Cell type Voc ( V) Jsc(mA / cm2) FF PCE(%) 

TiO2 / CH3NH3PbI3 / 

Spiro-MeOTAD / Au 
1.01 20.86 67.0 14.2 

 

 

Figure 4.2.5 shows how efficient perovskite solar cells employing Spiro-MeOTAD were 

fabricated under 100mW/cm2 irradiation and how efficiently incident photons were converted 

into charge carriers or photocurrent in accordance with generated wavelengths, respectively. 

Photovoltaic parameters for the perovskite solar cell with Spiro-MeOTAD were gathered in 

table 1. The solar cell based on TiO2 / CH3NH3PbI3 / Spiro-MeOTAD / Au exhibited the 

highest open circuit voltage (Voc) of 1.01 V at a forward bias, photocurrent density (Jsc) of 

20.86 mA/cm2, fill factor (FF) of 67% and the maximum power conversion efficiency (PCE) 

of 14.2%. The IPCE spectrum of the device reached over 70% in the range of 400 to 800nm. 
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These values are not slightly different from the reference40 due to different TiO2 nanoparticle 

size and the thickness of TiO2 layer. 

 

4.3 Characterization of perovskite solar cells with nanocrystals 

  
Figure 4.3.1. Energy level diagram of TiO2 / CH3NH3PbI3 / PbS QDs / Au  

 

 

The energy band diagram demonstrates band levels of each layer based on work function 

illustrated in the reference. The electronic structures of CH3NH3PbI3 were generally known as 

band gap was 1.5 eV, valence band edge was -5.43 eV and conduction band edge was -3.93 

eV.3 TiO2 as n-type semiconductor was generally known as -4.0 eV and PbS QDs52 could be 

easily tuned to be suitable for perovskite band levels. As shown figure 4.3.1, generated 

electron-hole pairs in the perovskite layer transfer from CH3NH3PbI3 to TiO2 or PbS QDs with 

different band alignments. It is expected that generated electron-hole pairs in the PbS QDs 
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could transfer from PbS QDs to lower band positions20 and PbS QDs layer block the electron 

injection from perovskite layer into PbS QDs. 

 

 
Figure 4.3.2. Top view SEM image of (a) PbS-coated perovskite films. Cross-sectional 

SEM image of TiO2 / CH3NH3PbI3 / PbS QDs / Au 

 

After depositing mesoscopic perovskite layer on the substrates, we spin-coated PbS QDs 

dispersed in the non-polar solvent like octane. Figure 4.3.2 shows top view SEM image of PbS-

coated perovskite film and cross-sectional image of the device. Cuboid-shaped perovskite 

crystals are partially covered with PbS QDs which filled pores between perovskite crystals 

corresponding to smooth gold electrodes. The QD layer thickness is around 10 to 15nm  

  

500nm 

(a) 

500nm 

(b) 

FTO 

CH
3
NH

3
PbI

3
+PbS 

TiO
2 
+ CH

3
NH

3
PbI

3
 



 

- 29 - 

 

 
Figure 4.3.3. Current density-Voltage curve of CH3NH3PbI3 device with different sizes of 

PbS QDs under AM 1.5G spectrum (100mW cm-2) in the air (b) IPCE spectrum of the 

device with different sized PbS QDs. 

 

To demonstrate different sized PbS QDs for the hole-transporting material in perovskite solar 

cells we characterized them using J-V curve measurement and incident photon to conversion 

efficiency or EQE measurement. Based on the hole-free device, different sized quantum dot 

based perovskite solar cells has enhanced current density but reduced open-circuit voltage. Voc 

and fill factor are related to charge carrier recombination and interface between layers.  Long 

chain organic molecules capping quantum dots and incomplete interface between perovskite 

and QD layers may lead to reduce Voc. Enhanced current density implies PbS QDs could help 

to extract or collect holes generated from perovskite layer through IPCE spectra. We also 

characterized Au-PbS based perovskite solar cells. But the performances of the devices were 

not lower than PbS based perovskite solar cells due to unexpected reasons. 

Table 4.3. Photovoltaic parameters for perovskite solar cell with different sized PbS QDs  

Cell type Voc ( V) Jsc(mA / cm2) FF PCE(%) 

830nm  0.77 15.00 58.1 6.7 

950nm 0.77 15.15 58.0 6.7 

1120nm 0.76 14.57 57.4 6.4 
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Figure 4.3.4. Energy level alignment for CZTS and CZTSe QDs based perovskite solar 

cell 

 

 

We could illustrated energy level alignment for CZTS and CZTSe QDs employed in the 

mesoscopic perovskite solar cell through previous UPS and UV-vis-NIR measurements. The 

valence band edge of CZTS (-5.23 eV) and CZTSe (-5.11 eV) QDs is located at higher position 

based on the valence band edge of -5.4 eV MAPbI3, leading to collect holes generated from 

perovskite layer easily. The conduction band edge of CZTS (-3.03 eV) and CZTSe (-3.11 eV) 

QDs lies at the higher position based on CH3NH3PbI3, which indicates block the electron 

injection from CH3NH3PbI3 layer into QDs layer related to charge recombination. 
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Figure 4.3.5. Top-view (a, c) and cross-sectional (b, d) scanning electron microscopy (SEM) 

images of the devices based on MAPbI3 perovskite layers by two-step deposition method. 

CZTS quantum dots coated on the perovskite layer (a, b) and CZTSe quantum dots 

coated on the perovskite layer (b, d). 

 

After depositing mesoscopic perovskite layer through dipping and dropping process, we spin-

coated CZTS and CZTSe QDs on the film. Those QDs filled vacancies between cuboid-shaped 

perovskite crystals leading to smooth the surface of gold electrode. The perovskite crystals 

were partially covered with CZTS and CZTSe quantum dots as shown figure 10a and c. cross-

sectional images of the devices as shown (b) and (c) shows each layer thickness. Among there 

layers, the layer of CZTS and CZTSe QDs coated on the perovskite layer is in the range of 20 

to 30nm thickness.    
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Figure 4.3.6. UV-Vis-NIR absorption spectra for different types of films. TiO2 / 

CH3NH3PbI3, TiO2 / CH3NH3PbI3 / CZTS QDs and TiO2 / CH3NH3PbI3 / CZTSe QDs. 

(b) Normalized time-resolved photoluminescence decay aspects of perovskite films with 

different hole-conducting materials.  

 

UV-vis-NIR absorption spectra and time-resolved photoluminescence (TRPL) decay were 

performed to understand the role of CZTS and CZTSe QDs in the perovskite solar cell. Figure 

10a shows the absorption spectra of three types of films on the mesoporous tio2 layer. We 

expected that those quantum dots could enhance the absorption of the perovskite film or extend 

absorption range of the perovskite material. However, it might be too thin thickness of QDs 

layer to enhance absorption of the films for broad wavelengths. Time-resolved 

photoluminescence decay spectra were performed to investigate hole-extraction dynamics. 

CZTS and CZTSe coated on CH3NH3PbI3 film could be more effective PL quenched compared 

to only perovskite film and CZTS QDs would be efficient hole-extracting materials in 

comparison with CZTSe QDs based perovskite film. 
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Figure 4.3.7. (a) Current-Voltage curves of CH3NH3PbI3 devices with different hole-

conducting layers measured under AM 1.5G illumination(100mW cm-2) in the air. (b) 

External quantum efficiency spectra of solar cells measured in the air. 

 

To demonstrate CZTS and CZTSe QDs for the hole-transporting material in the perovskite 

solar cell, we measured current density-voltage (J-V) curves under AM 1.5G illumination in 

the air and incident-photon-to-conversion efficiency (IPCE) spectrum and summarized 

photovoltaic parameters in table 3. With hole-free device, the PCE of 5.9% with a Voc of 0.81 

V, a Jsc of 12.7 mA / cm2, a FF of 56.7% was obtained. With CZTS QDs based perovskite 

solar cell, the highest PCE of 7.6% with a Voc of 0.88 V, a Jsc of 15.56 mA / cm2, a FF of 

55.4% was achieved. With CZTSe QDs based perovskite solar cell, the highest PCE of 7.6% 

with a Voc of 0.88 V, a Jsc of 15.56 mA / cm2, a FF of 55.4% was achieved. It was reported 

that lower HOMO level of hole-transporting materials became higher Voc of mesoscopic 

perovskite solar cells. CZTS QDs based perovskite solar cell has higher Voc because of lower 

valence band edge than CZTSe QDs as measured UPS data. These QDs based perovskite 

solar cells exhibit enhanced current density compared with the hole-free device due to 

contribution to hole extraction generated from perovskite layer as shown IPCE spectra 
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Table 4.4. Photovoltaic parameters for different HTMs of perovskite solar cells 

Cell type Voc ( V) Jsc(mA / cm2) FF PCE(%) 

TiO
2
 / CH

3
NH

3
PbI

3
 / 

CZTS QDs / Au 0.88 15.56 55.4 7.6 

TiO
2
 / CH

3
NH

3
PbI

3
 / 

 CZTSe QDs/ Au 0.85 15.13 55.1 7.1 

TiO
2
 / CH

3
NH

3
PbI

3
 / 

Au 0.81 12.7 56.7 5.9 
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5. Summary & Conclusion 

 

In summary, we have synthesized PbS, Au-PbS, CZTS, CZTSe QDs by hot-injection method 

and fabricated perovskite solar cells with colloidal quantum dot nanocrystals for hole-

transporting materials. PbS QDs, which have different optical band gap according to size and 

high absorption coefficient and low cost compared to organic conducting polymers, were spin-

coated on n-i-p mesoscopic perovskite layer by solution-processed method. The devices with 

different sized PbS QDs exhibit enhanced current density and reduced open-circuit voltage and 

the maximum power conversion efficiency reaches 6.7%. we also applied Au-PbS core-shell 

nanocrystals to the hole-transporting layer in the perovskite solar cell due to the relation 

between plasmon and exciton resulting in strong p-type doping effect but the performances of 

the devices were not generally reduced compared with PbS based perovskite solar cells due to 

incomplete process. 

Cu-based CZTS and CZTSe QDs as synthesized by hot-injection method exhibit different 

electronic structures according to S or Se element and enhanced photovoltaic parameters in 

comparison with hole-free devices. It shows that CZTS (or Se) QDs can assist extraction or 

collection of holes generated from perovskite layer and CZTS QDs are more efficient hole 

extractor compared to CZTSe QDs through IPCE measurement and lower valence band edge 

of CZTS QDs leads to higher open-circuit voltage of mesoscopic perovskite solar cells. 

Colloidal quantum dots can be potential to enhance photovoltaic performance in mesoscopic 

perovskite solar cells as hole-transporting materials through optimizing thickness and 

modifying ligands. 
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요 약 문 

효율적인 페로브스카이트 태양 전지를 위한 정공 전달용 콜로이드 

나노 입자 개발 

 

 

본 연구는 용액 상태의 콜로이드 퀀텀 닷 나노 입자를 합성하여 페로브스카이트 

태양 전지의 정공 전달 층에 적용시켜 보았다. 우선 hot-injection 방법으로 합성

하였으며, PbS 퀀텀 닷의 특성인 사이즈별 밴드갭 조정과 높은 흡광 계수, 유기 

전도성 물질 대비 낮은 가격의 특성을 가진 것을 바탕으로 n-i-p 접합 구조를 가

진 다공성 페로브스카이트 층에 평균 3nm 사이즈의 나노 입자를 용액 공정 중 

하나인 스핀코팅을 진행하였다. 밴드갭이 다른 PbS 물질을 적용시킨 소자는 정공 

전달체가 없는 태양 전지에 비해 향상된 전류 밀도 (current density)를 가졌지만 

개방전압(open circuit voltage)은 예상과 달리 감소했다. 개방 전압이 감소한 요인

은 유기 리간드와 불완전한 계면으로 인한 것으로 보인다. 반면 전류 밀도는 PbS 

QDs에서 생성된 전하 및 페로스브스카이트 층에서 생성된 정공 전달 향상과 연

관되어 있는 것으로 예상된다. 최대 효율은 6.7%를 기록했다. 또한 au 나노입자

의 plasmon과 PbS의 exciton의 관계로 강한 p타입 도핑 효과를 가지는 Au-PbS 

코어쉘 나노 입자를 합성해 페로브스카이트 정공 층에 적용시켜보았지만 효율은 

PbS에 비해 감소했다.  

값싼 구리를 기반으로 한 4원계 원소인 CZTS(구리, 아연, 주석, 황)와 CZTSe(구

리, 아연, 주석, 셀레늄)를 hot-injection 방식으로 합성하여 정공 층에 적용해보았

다. 그 결과 무정공층 페로브스카이 소자에 비해 향상된 전하밀도와 개방전압을 

보여주었다. 향상된 전하밀도는 광에너지 전환 효율 증가 및 정공 전달 향상과 

연관되며, 증가된 개방 전압은 낮은 valence band level의 위치와 페로브스카이 대

비 높은 conduction band level로 인한 것임을 알 수 있었다. 태양전지의 최대 효

율은 7.5%를 달성했다. 콜로이드 퀀텀 닷 나노입자를 페로브스카이트 태양전지의 

정공 전달 층으로 적용해봄으로써 기존 유기물질 기반의 페로브스카이트 태양전

지가 갖고 있는 가격 및 상용화 문제, 안정성 문제를 해소해줄 것으로 기대된다.  
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