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 This study examines charge-transport kinetics in TiO₂@CdS:Cu²⁺@ZnS 

quantum dot–sensitized solar cells, addressing a key research gap regarding 

how controlled Cu²⁺ incorporation simultaneously affects recombination 

dynamics and interfacial charge-transfer resistances. While previous works 

mainly emphasized optical improvements from Cu doping, the coupled 

effects on impedance characteristics and device performance remain 

insufficiently clarified. Cu-doped CdS quantum dots with concentrations 

ranging from 0 to 0.5 mol were synthesized via the SILAR method and 

protected with a ZnS passivation layer. Electrochemical impedance 

spectroscopy and I–V characterization were employed to quantify changes in 

Rct1, Rct2, Jsc, Voc, fill factor, and power conversion efficiency. The optimal 

Cu(0.2) device achieved 4.69% efficiency with a Jsc of 27.4 mA/cm², 

reflecting enhanced charge transport, reduced recombination, and improved 

light absorption. The findings reveal the previously underexplored dual role 

of Cu doping in tuning both optical and electronic properties. Furthermore, 

they identify the threshold at which excessive Cu leads to recombination-

dominated losses and structural degradation. This work establishes a clearer 

mechanistic basis for engineering high-performance quantum absorber 

architectures in next-generation solar cell technologies. 
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1. INTRODUCTION 

Dye-sensitized solar cells (DSSCs) have been widely studied over recent decades, achieving 

efficiencies above 15% [1], [2]. However, further performance improvement is constrained by the Shockley–

Queisser limit, largely due to thermalization losses and the narrow absorption range of organic dyes. Since 

2000, quantum dot-sensitized solar cells (QDSSCs) have emerged as a promising alternative capable of 

surpassing this limit [3]-[6]. Nanocrystals, used in place of dyes, exhibit high size-dependent absorption 

coefficients, broad spectral absorption, and the ability to generate multiple excitons per absorbed photon. 

Materials such as CdS, CdSe, PbS, PbSe, and CdTe have been incorporated into photoanodes, though their 

efficiencies remain limited by the narrow absorption spectrum of individual quantum dots [7]-[11]. 

To address this challenge, researchers have developed multilayer quantum dot architectures using 

techniques such as successive ionic layer adsorption and reaction (SILAR) and chemical bath deposition 

(CBD), achieving notable increases in current density and overall efficiency [12]-[14]. Metal doping has 

further enhanced QDSSC performance, with reported efficiencies of 2.5% for Hg–PbS, 3.77% for Mn–

CdS/CdSe, 4.22% for Cu–CdSe, and 2.72% for Ag–CdSe, primarily due to impurity levels introduced within 

the band gap [15]-[21]. However, prior studies have not simultaneously co-doped quantum dots such as CdS 

and CdSe, a strategy expected to broaden absorption spectra and significantly boost photocurrent. 

https://creativecommons.org/licenses/by-sa/4.0/
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I–V measurements alone provide limited mechanistic insight because they cannot independently 

resolve recombination, transport resistance, and series resistance contributions. A more complete 

understanding is obtained by combining I–V analysis with electrochemical impedance spectroscopy (EIS). 

Although QDSSCs share structural similarities with DSSCs, their distinct quantum dot layers, counter 

electrodes, and electrolytes require adapted EIS interpretation. Illuminated EIS spectra enable the 

deconvolution of resistance components associated with electron transport, recombination, and ion diffusion, 

while equivalent-circuit modeling yields key parameters essential for elucidating charge dynamics in QDSSC 

devices. 

 

 

2. EXPERIMENTAL SECTION 

The fabrication of the photoanode and counter electrode was carried out through a multi-step 

process designed to ensure high crystallinity, efficient charge transport, and stable interfacial contact within 

the QDSSC structure. 

 

2.1.  Preparation of FTO/TiO₂ substrates 

Fluorine-doped tin oxide (FTO) glass substrates were first cleaned ultrasonically in successive 

ethanol, acetone, and deionized water baths to remove organic residues and surface contaminants. After 

cleaning, a commercial anatase TiO₂ paste with 20 nm particle size (Dyesol) was prepared for deposition. 

The paste was then applied onto the FTO surface by screen-printing, ensuring uniform film thickness and 

strong mechanical adhesion. 

The printed films were gradually heated to remove organic binders. They were then sintered at  

500 °C for 30 minutes in air. This high-temperature treatment enhances the crystallinity of TiO₂, promotes 

necking between nanoparticles, and improves electron mobility throughout the mesoporous TiO₂ network. 

 

2.2.  Deposition of Cu-Doped CdS quantum dots via SILAR 

Cu-doped CdS layers (CdS:Cu(x) with x = 0–0.5, corresponding to the molar ratio Cu²⁺/Cd²⁺) were 

grown onto the TiO₂ surface using the successive ionic layer adsorption and reaction (SILAR) technique. 

Each SILAR cycle consisted of: Immersion of the TiO₂ film into a 0.1 M Cd²⁺ solution (Cd(CH₃COO)₂·2H₂O 

in ethanol) for 5 minutes to allow the adsorption of Cd²⁺ ions. Rinsing with ethanol to remove loosely bound 

ions. Immersion into a 0.1 M Cu²⁺ solution (CuCl₂ in ethanol/water 1:1) for 5 minutes to incorporate Cu²⁺ 

into the CdS lattice during the formation of doped QDs. 

Doping with Cu²⁺ introduces intermediary electronic states that facilitate enhanced light harvesting 

and modify recombination pathways. After completing the Cd²⁺/Cu²⁺ SILAR cycles, the films were treated in 

0.1 M Na₂S at 60 °C, enabling the in-situ formation of CdS:Cu nanoparticles. The samples were subsequently 

dried at 120 °C to stabilize the quantum dot layer and remove remaining solvents. 

 

2.3.  Fabrication of FTO@TiO₂@CdS:Cu(0.3) photoanode 

For the optimized doping level (x = 0.3), additional enhancement cycles were performed to improve 

quantum dot loading and dopant incorporation. The TiO₂ films coated with CdS:Cu were subjected to three 

additional SILAR cycles using: A mixed Cd²⁺/Cu²⁺ precursor solution with a Cu²⁺/Cd²⁺ ratio of 0.3, 

promoting homogenous doping throughout the QD layer. A Se²⁻ source solution to partially convert CdS to 

CdSₓSe₁₋ₓ, thereby extending visible-light absorption and improving band alignment. These repeated 

deposition cycles increase surface coverage, reduce inter-particle gaps, and enhance photogenerated charge 

carrier collection. 

 

2.4.  Deposition of ZnS passivation layer 

To suppress surface traps and minimize interfacial recombination, a ZnS passivation shell was 

deposited onto the CdS:Cu(0.3) films. This was achieved via two SILAR cycles, each involving: Immersion 

in 0.1 M Zn²⁺ solution, allowing Zn²⁺ adsorption on the QD surface. Immersion in 0.1 M Na₂S, promoting the 

in-situ reaction to form a thin ZnS overlayer. ZnS, with its wide bandgap (~3.7 eV), acts as an insulating 

barrier that reduces parasitic electron recombination with the electrolyte while maintaining efficient hole 

extraction from the photoanode. 

 

2.5.  Preparation of the FTO/Cu₂S counter electrode 

The counter electrode was fabricated on an FTO substrate by chemically depositing Cu₂S, a widely 

used catalyst in polysulfide QDSSCs due to its high conductivity and electrocatalytic activity. The electrode 

area was controlled to 0.25 cm² to match the active area of the photoanode. The Cu₂S layer facilitates the 

redox conversion of S²⁻/Sₓ²⁻ species in the electrolyte, enabling effective hole transport and completing the 

electrical circuit of the cell. 
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2.6.  Assembly of the quantum dot–sensitized solar cells 

The QDSSC devices were assembled by sandwiching the FTO/TiO₂/CdS:Cu(0.3)/ZnS photoanode 

with the FTO/Cu₂S counter electrode using a defined spacer. A polysulfide electrolyte containing 0.5 M 

Na₂S, 0.2 M elemental sulfur (S), and 0.2 M KCl was then prepared for injection. Finally, the electrolyte was 

introduced into the cell through pre-drilled holes or by capillary injection to complete the assembly. 

 

2.7.  Photovoltaic testing 

The assembled cells were exposed to simulated solar illumination of approximately 100 mW cm⁻² 

(AM 1.5G equivalent). The current–voltage characteristics were measured to evaluate: short-circuit current 

density, open-circuit voltage, fill factor, and power conversion efficiency. These parameters collectively 

characterize the optoelectronic performance of the synthesized photoanode structures. 

 

 

3. RESULTS AND DISCUSSION 

Figure 1 illustrates a simplified equivalent circuit commonly used to model the behavior of a 

photovoltaic device or a light-dependent current source. In this representation, the light-generated current is 

denoted by IL, which serves as the primary current source of the system. A shunt resistance, RSH, is connected 

in parallel with the current source to account for leakage pathways within the device. This resistance models 

undesired current loss due to defects, impurities, or recombination mechanisms that allow charge carriers to 

bypass the external load. A low shunt resistance typically indicates high leakage currents and degraded 

device performance, whereas a high RSH represents a well-isolated junction with minimal parasitic losses. 

The voltage across the circuit and the current flowing through the external path are indicated by the 

labeled arrows. Together, these elements form a foundational model used to analyze the electrical 

characteristics, efficiency, and loss mechanisms of optoelectronic devices such as solar cells and 

photodetectors (Figure 1).  

i. Open-circuit condition:  

 

𝐼𝑝ℎ = 𝐼𝑑 + 𝐼𝑆𝐻 (1) 

 

𝐼𝑝ℎ = 𝐼𝑜(𝑒𝛼𝑉𝑂𝐶 − 1) +
𝑉𝑂𝐶

𝑅𝑆𝐻
  (2) 

 

With 𝛼 =
𝑞

𝑛𝑘𝑇
. 

 

ii. Short-circuit condition: 

 

𝐼𝑝ℎ = 𝐼𝑑 + 𝐼𝑆𝐻 + 𝐼𝑆𝐶  (3) 

 

𝐼𝑝ℎ = 𝐼𝑜(𝑒𝛼𝐼𝑆𝐶𝑅𝑆 − 1) +
𝐼𝑆𝐶𝑅𝑆

𝑅𝑆𝐻
+ 𝐼𝑆𝐶  (4) 

 

iii. Loaded condition: 

 

𝐼𝑝ℎ = 𝐼𝑑 + 𝐼𝑆𝐻 + 𝐼𝐿 (5) 

 

𝐼𝑝ℎ = 𝐼𝑜(𝑒𝛼(𝑉𝐿+𝐼𝐿𝑅𝑆) − 1) +
𝑉𝐿+𝐼𝐿𝑅𝑆

𝑅𝑆𝐻
+  𝐼𝐿  (6) 

 

At any two points (V1,I1) and (V2,I2) on the I-V curve, the voltage–current relation becomes: 

 

𝑉1 =
1

𝛼
𝑙𝑛 [

𝑅𝑆𝐻(𝐼𝑝ℎ+𝐼𝑜−𝐼1)

𝑅𝑆𝐻𝐼𝑜
− 𝐼1𝑅𝑆] − 𝐼1𝑅𝑆 (7) 

 

𝑉2 =
1

𝛼
𝑙𝑛 [

𝑅𝑆𝐻(𝐼𝑝ℎ+𝐼𝑜−𝐼2)

𝑅𝑆𝐻𝐼𝑜
− 𝐼2𝑅𝑆] − 𝐼2𝑅𝑆 (8) 

 

Subtracting (7) and (8) yields the expression for RS: 

 

𝑅𝑆 =
𝑉1−𝑉2

𝐼2−𝐼1
−

1

𝛼(𝐼2−𝐼1)
𝑙𝑛 [

𝑅𝑆𝐻(𝐼𝑝ℎ+𝐼𝑜−𝐼1)−𝐼1𝑅𝑆

𝑅𝑆𝐻(𝐼𝑝ℎ+𝐼𝑜−𝐼2)−𝐼2𝑅𝑆
] (9) 
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Since in practice RSH ≫ RS, the approximations 𝑅𝑆𝐻(𝐼𝑝ℎ + 𝐼𝑜 − 𝐼1) ≫ 𝐼1𝑅𝑆;  𝑅𝑆𝐻(𝐼𝑝ℎ + 𝐼𝑜 − 𝐼2) ≫ 𝐼2𝑅𝑆: 

hold, simplifying (9) to 

 

𝑅𝑆 =
𝑉1−𝑉2

𝐼2−𝐼1
−

1

𝛼(𝐼2−𝐼1)
𝑙𝑛 [

𝐼𝑝ℎ+𝐼𝑜−𝐼1

𝐼𝑝ℎ+𝐼𝑜−𝐼2
] = 𝑅𝐷 − 𝑅𝑑 (10) 

 

Where: 

 

𝑅𝐷 =
𝑉1−𝑉2

𝐼2−𝐼1
  (11) 

 

𝑅𝑑 =
1

𝛼(𝐼2−𝐼1)
𝑙𝑛 [

𝐼𝑝ℎ+𝐼𝑜−𝐼1

𝐼𝑝ℎ+𝐼𝑜−𝐼2
] (12) 

 

RD and Rd represent the external and internal dynamic resistances of the photovoltaic module, respectively. 

The shunt resistance is obtained from the open-circuit expression: 

 

𝑅𝑆𝐻 =
𝑉𝑂𝐶

𝐼𝑝ℎ−𝐼𝑜(𝑒𝛼𝑉𝑜−1)
 (13)  

 

Additionally, RS can be evaluated from the dark I–V curve: 

 

𝑅𝑆 = −
𝑉1−𝑉2

𝐼2−𝐼1
+

1

𝛼(𝐼2−𝐼1)
𝑙𝑛 [

𝐼𝑜−𝐼1

𝐼𝑜−𝐼2
] = 𝑅𝑑 − 𝑅𝐷 (14) 

 

 

 
 

Figure 1. Schematic diagram of the QDSSC’s equivalent circuit [22] 

 

 

The formulas describe the current–voltage relationships in the diode model of a photovoltaic cell. 

For each operating condition—open circuit, short circuit, and loaded—the photocurrent, diode diffusion 

current, and shunt current must satisfy Kirchhoff’s current law. The series resistance and shunt resistance are 

extracted by analyzing two arbitrary points on the I–V curve and separating the external dynamic resistance 

from the internal dynamic resistance. When RSH is very large (which is typical for many PV modules), the 

model simplifies because the shunt leakage current becomes negligible. Additionally, RS can also be 

determined from the dark I–V curve, where only the diode current is present, allowing for more accurate 

parameter modeling. 

The TiO₂@CdS solar cells doped with varying Cu concentrations (0–0.5 mol) exhibit clear trends in 

key photovoltaic parameters (Voc, Jsc, FF, and PCE). Cu incorporation slightly increases Voc from 0.48 V 

(undoped) to 0.50 V for Cu ≥ 0.1, indicating reduced interfacial recombination (Figure 2). Jsc rises 

significantly from 19.9 to 27.35 mA/cm² at 0.2 mol Cu, followed by a decline at higher doping levels, 

suggesting that moderate Cu content enhances charge transport and light absorption, while excessive Cu 

introduces defects that promote recombination. The FF shows a similar behavior, peaking at 0.38 for Cu(0.1) 

and decreasing thereafter due to increased internal resistance. As a result, PCE reaches a maximum of 4.69% 

at Cu(0.2) before declining at higher Cu contents. These observations confirm that controlled Cu doping—

optimally at 0.2 mol—enhances QDSSC performance, whereas overdoping degrades structural integrity and 

increases carrier recombination. 

Dynamic resistance analysis based on a single illuminated I–V curve allows separation of the total 

resistance into external (RD) and internal (Rd) components, following established QDSSC modeling methods 
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[22]-[25]. Resistance values calculated from (7)–(9) show strong dependence on QDs film thickness and Cu 

concentration. The undoped sample exhibits the highest interfacial resistance (IO = 1.76×10⁻⁶ Ω·cm²) and 

correspondingly large RD (66.7 Ω) and Rd (1850 Ω). Introducing 0.1 mol Cu sharply reduces IO but 

simultaneously increases RD and Rd, indicating that while Cu improves surface charge transfer, it also 

perturbs internal charge pathways through Cu–QDs interactions. 

For Cu concentrations of 0.2–0.3 mol, the resistance parameters (IO, RD, Rd) stabilize, and RS 

slightly decreases (2690–2710 Ω·cm²), reflecting optimized charge transport. Although IO reaches its lowest 

value (8.4×10⁻⁸ Ω·cm²) at 0.5 mol Cu, both RD and Rd increase substantially, revealing an overdoping effect 

that enhances electron–hole recombination and impedes carrier transport [26]-[29]. Notably, Cu(0.2) shows 

the highest RSH (27.3 kΩ·cm²), indicating minimized leakage current and the most balanced resistance 

profile. Overall, TiO₂@CdS:Cu(0.2) achieves the optimal trade-off among recombination suppression, charge 

transport, and leakage minimization, yielding the best QDSSC device performance. 

Compared with previously reported CdS-based QDSSCs, the Cu-doped samples in this study exhibit 

competitive or superior photovoltaic performance, particularly in terms of Jsc and PCE. The CdS:Cu(0.2) 

photoanode achieves a PCE of 4.69%, which surpasses many literature values typically ranging from 2–4% 

for undoped or singly doped CdS systems. Moreover, the remarkably low Rct2 (24.7 Ω) indicates more 

efficient charge transfer than most reported architectures, where interfacial resistances commonly exceed 50–

200 Ω. Overall, our optimized Cu doping yields enhanced carrier transport and reduced recombination, 

demonstrating clear improvements over comparable studies. The detailed photovoltaic parameters obtained 

from the two-point extraction method and the solar-cell efficiency model are presented in Table 1. 

 

 

 
 

Figure 2. The power conversion efficiency of the QDSSCs 

 

 

Table 1. Device parameters of the QDSSCs were evaluated using a two-point extraction method linked to the 

efficiency model of the solar cell 
Samples IO (Ω/cm2) Rd (Ω) RD (Ω) RS (Ω.cm2) RSH (kΩ.cm2) 

CdS:Cu(0) 1.76.10-6 1850 66.7 1780 19.9 
CdS:Cu(0.1) 8.9.10-8 3390 121.7 3270 21.9 

CdS:Cu(0.2) 1.1.10-7 2790 100.3 2690 27.3 

CdS:Cu(0.3) 9.6.10-8 2810 100 2710 23.7 
CdS:Cu(0.5) 8.4.10-8 5410 200 5210 20.8 

 

 

Electrochemical impedance spectroscopy was employed to analyze the kinetic processes of 

QDSSCs fabricated with five Cu-doped CdS nanocrystal concentrations. The experimental spectra were 

fitted to an equivalent circuit to extract Rct1 and Rct2, corresponding to charge-transfer resistance at the 

Cu₂S/electrolyte interface and at the TiO₂/nanocrystal interface, respectively. As shown in Table 2 and  

Figure 3, lower resistance values correlate with reduced recombination and enhanced photocurrent. The 

device using FTO@TiO₂@CdS:Cu(0.3)@ZnS with 0.2 Cu doping exhibits the lowest resistances (Rct1 = 10.6 

Ω, Rct2 = 24.7 Ω), indicating faster interfacial electron transport and suppressed recombination, consistent 

with the observed increase in Jsc to 27.4 mA·cm⁻². Moderate Cu doping improves light absorption and 
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electron generation/collection in agreement with the enhanced optical spectra reported by Nguyen et al. [18]. 

When the Cu concentration deviates from 0.2, both Rct1 and Rct2 increase—e.g., Rct2 rises to 186.5 Ω (0 Cu) 

and 143.2 Ω (0.1 Cu)—due to the inherently higher resistance of Cd relative to Cu in CdS and CdS:Cu²⁺ 

films. At higher Cu loadings, absorption and FESEM results reveal film non-uniformity and particle 

agglomeration, which impair charge transfer. These findings align with Muthalif et al. [30], who also 

observed improved light harvesting and efficiency upon Cu incorporation into CdS QDSSC photoanodes 

[30]-[34]. 

 

 

Table 2. Parameters used to characterize the QDSSCs 
Samples Voc (V) Jsc (mA.cm-2) FF PCE (%) Rct1 (Ω) Rct2 (Ω) 

CdS:Cu(0) 0.48 19.9 0.345 3.3 12 186.5 

CdS:Cu(0.1) 0.501 21.9 0.38 3.96 11 143.2 
CdS:Cu(0.2) 0.5011 27.4 0.35 4.69 10.5 24.7 

CdS:Cu(0.3) 0.503 23.7 0.35 4.42 10.9 55.6 

CdS:Cu(0.5) 0.5035 20.8 0.35 3.61 11.3 153.3 

 

 

 
 

Figure 3. Electrochemical impedance response of the QDSSCs 

 

 

4. CONCLUSION 

Using TiO₂@CdS:Cu(x)@ZnS photoanodes (x = 0–0.5), we fabricated and systematically evaluated 

QDSSCs to elucidate the role of Cu²⁺ doping. The results demonstrate that Cu incorporation strongly 

influences internal/external resistances, charge-transport behavior, and overall device efficiency. The Cu(0.2) 

sample exhibited the most optimal photovoltaic response, achieving a PCE of 4.69%, Jsc of 27.4 mA/cm², 

and the lowest Rct1/Rct2 values, attributed to enhanced light absorption, improved electron injection, and 

suppressed recombination. In contrast, excessive doping (x ≥ 0.3) introduced structural defects, increased 

resistive losses, and reduced efficiency. EIS measurements corroborated these trends and provided detailed 

insights into charge-transfer kinetics. These findings underscore the necessity of precise Cu-doping control to 

optimize QDSSC performance and contribute to the rational design of high-efficiency nanostructured 

photoanodes for next-generation solar technologies. 
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