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ABSTRACT 

 This dissertation discussed the layer-by-layer growth of CdS thin film using 

electrochemical atomic layer deposition (E-ALD) as well as the investigations into the possible 

fabrication of both substrate and superstrate configurations of CdTe/CdS solar cells. E-ALD is 

the electrochemical equivalence of gas phase atomic layer deposition (ALD). Similar to ALD, E-

ALD allows for the layer-by-layer deposition of materials using surface-limited reaction. 

Underpotential deposition (UPD) is usually used in E-ALD, allowing for atomically thick layers 

of materials to be deposited on a second material at a potential before the potential needed for the 

element to deposit on itself. In this report, CdS thin films with different thicknesses were grown 

using E-ALD. Results indicated that the E-ALD grown CdS on Au was stoichiometric, 

crystalline, uniform, and is N-type. Formation of CdS on Ag substrates and on ITO was also 

studied. 

Preliminary studies on the fabrication of CdS/CdTe photovoltaic device with both 

superstrate and substrate configuration were also performed. In the substrate configuration, CdTe 

was first deposited onto Au substrates using 15 minutes of codeposition at -700 mV, followed by 

electrochemical atomic layer deposition (E-ALD) of CdS on CdTe/Au. In the superstrate 



configuration, the ITO substrate was first patterned with 1x1 mm
2
 squares using 

photolithography, and then treated with electrochemical methods to form Cu nucleation sites on 

the ITO surface. CdS E-ALD was performed on the treated ITO substrate. CdTe thin films were 

deposited onto CdS/ITO using pulse plating atomic layer deposition (PP-ALD). A layer of Au 

was deposited electrochemically on CdTe/CdS/ITO as the back contact. Photoelectrochemical 

measurements on the substrate configuration showed good P-type response and clean dark 

current. XRD showed CdTe zinc blend <111> and CdS zinc blend <111> structure. SEM images 

of the CdTe/CdS/ITO showed compact deposits covering the whole surface. Work on collecting 

more information on cell performance is on the way.   

INDEX WORDS: electrochemical atomic layer deposition, cadmium telluride, cadmium 

sulfide, Ag nanorods, indium-tin oxide, thin-film, UPD, photovoltaics, 

XRD, EPMA, cyclic voltammetry, p-n junction, electrodeposition 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 With the energy crisis people are faced with today, researchers are actively searching for 

alternative energy sources other than fossil fuels. One of the most promising solutions is solar 

energy
1
. By 2050, people will need 23 terawatts (TW) of energy to sustain the lifestyle of the 

total world population
2
. There are 120,000 TW of solar energy hitting the earth every year. 

Despite of this massive resource, the energy produced from solar remains less than 0.01% of the 

total world energy demand.  

Photovoltaic describes a group of device that converts solar energy to electricity. It 

usually consists of an electron-rich n-type semiconductor and a hole-rich p-type semiconductor. 

When the semiconductors are brought together and in contact with each other, the electrons in 

the n-type semiconductor diffuse across the semiconductor interface and the same behavior 

happens for the hole in the p-type semiconductor. As the electrons and hole diffuse and 

neutralize, the fixed ion cores left behind at the interface is going to set up an electric field called 

the depletion region.  When the equilibrium is reestablished, a p-n junction is formed, and the 

Fermi levels of the two semiconductors are going to align, causing bending of the valence band 

and the conduction band. This band bending sets up a potential barrier. When the p-n junction is 

illuminated by light, energy from photons is going to be absorbed, exciting the electrons, and 

electron-hole pairs are generated. Because of the potential barrier, the electrons and holes can 

only go a certain direction, and this movement of electrons and holes creates current. Only 

photons with energy higher than the bandgap will be absorbed. 
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The first generation solar cells are based on Si wafers
3
, including both single crystals and 

bulk polycrystalline Si wafers
4
. In today’s solar cell market, 80-90% of the technology is 

dominated by silicon-based materials
5
. As an indirect bandgap material, in order for an electron 

to absorb a photon to be excited to the conduction band, the assistance of a phonon needed. This 

has led to the low absorption coefficient of Si wafers, which require the material thickness to be 

a few hundred µm to absorb most of the incident light. The high manufacturing cost associated 

with the large amount of materials needed is the major factor hindering the development of Si 

solar cells.  

To reduce the cost and achieve high efficiency, researchers have developed 2nd 

generation of solar cells that are based on thin film materials such as CdTe
6-11

, Cu2ZnSnS4 

(CZTS)
12-20

, Cu(In,Ga)Se (CIGS)
21-26

, etc. These semiconductors are possible candidates for 

solar cells because they have bandgaps near the optimal 1.5 eV and have theoretical efficiency 

limit of 30%
27-28

. The basic advantages thin film solar cells have over their crystalline 

counterparts are materials utilization, mass production and integrated module fabrication: this 

has been the driving force for their development since the early sixties
29

. In structure of a typical 

thin film solar cell, the p-type absorber material is usually partnered with the n-type 

semiconductor CdS to form a p-n junction. The light comes in from the front transparent 

conducting oxide (TCO) and passes through semi-transparent CdS layer and eventually be 

absorbed by the p-type absorber layer. Electron-hole pairs are generated at the p-n junction and 

are conducted out to the external circuit by the back contact. CdTe is one of the most prevailing 

absorber material used in thin film solar cells. It has a large absorption coefficient (>1x10
4
 cm

-

1
)
30-31

, and only a few micron is sufficient to absorb 90% of the light with energy above CdTe’s 
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bandgap (1.4 eV). The reduced thickness gives rise to an intense electric field, which facilitates 

carrier generation and collection.  

Another critical component of CdTe solar cell is CdS. CdS is the most widely used n-type 

material in thin film solar cell. The major function of CdS layer is to allow the maximum amount 

of light to pass through and to form p-n junction with the absorber layer. For high optical 

throughput, an ideal candidate for the n-type material should have a high bandgap and thickness 

as low as possible thus to absorb the minimum amount of light and to maintain low series 

resistance
32

. CdS also facilitates the formation of large bandgap CdTe1-xSx mixed crystal layer 

near the CdS-CdTe interface
33

.  

The common methods for forming CdS thin films include spray pyrolysis
34-39

, closed-

space sublimation (CSS)
8, 40-44

, atomic layer deposition (ALD)
45

, chemical bath deposition 

(CBD)
22, 46-51

, etc. The principle of spray pyrolysis is the process of spraying very fine aqueous 

dispersion of the salt of interest onto a heated substrate, where the salt decomposes and forms a 

thermally resistant compound of the metal with sulphur
52

. The reactants are selected such that the 

products, other than the desired compound, are volatile at the temperature of deposition
53

. Since 

the deposition is made at a high temperature, no post-fabrication annealing is required. Similar to 

spray pyrolysis, decomposition under high temperature also occurs in closed-space sublimation, 

where the source dissociates into elements, which recombine at the substrate surface, forming 

CdS. The driving force for compound formation in CSS is the temperature difference between 

the source and the substrate, along with the surface energy of the substrate. Atomic layer 

deposition (ALD) is where monoatomic layers of elemental Cd and S are deposited sequentially 

by periodically alternating a gas flow between a Cd containing and an S containing inert carrier 

gas. Each deposition cycle is limited to one atomic layer at a time. This method allows for 
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precise control of the CdS/CdTe intermixing region, by controlling the number of atomic layers. 

All of the aforementioned deposition techniques require high temperature and most of them 

require vacuum chambers, which significant increase the fabrication cost. 

A popular method for fabricating CdS thin film is chemical bath deposition (CBD), 

where the growth of CdS is realized by ion-by-ion condensation of Cd
2+

 and S
2-

 on the surface of 

the substrate. A Cd source in the form of a salt is dissolved in the solution and slowly releases 

Cd
2+

. The S
2-

 in the solution generated by thiosulfate will precipitate with the Cd
2+

, forming CdS 

on the substrate surface.  The entire process can be done with a beaker on a hotplate. Thin, 

compact CdS thin films have been fabricated using chemical bath deposition. 

Another low cost method for forming CdS thin film at ambient condition is 

electrodeposition
54-57

. Since the dual damascene method was developed to fabricate high quality 

copper interconnects in microprocessors, electrodeposition has been proven to meet the industry 

requirements for large-scale production
58

. The film quality and composition can be controlled by 

varying the precursor concentration, pH, deposition potential, and temperature. The problem of 

conventional electrodeposition is that bulk deposition usually results in rough surface 

morphology and limited control of thickness. 

Electrochemical atomic layer deposition (E-ALD)
59-64

 was developed by this group and is 

the electrochemical equivalent of gas phase ALD. Similar to ALD, E-ALD uses surface limited 

reaction, which is referred to as underpotential deposition (UPD). UPD allows for atomically 

thick layers of materials to be deposited on a second material at a potential before the potential 

needed for the element to deposit on itself
65

. This is explained by the negative free energy 

change for compound formation, which stabilizes the element on the second material
66-68

. In a 

typical E-ALD cycle, a solution containing the ionic form of the element of interest is introduced 
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to the cell, and is deposited at a potential where only less than a monolayer of deposit should 

form. A monolayer is defined as one adsorbate atom per surface atom. After the reaction is 

completed, a blank solution is introduced to cell to rinse away any excess precursor ions, and a 

new solution containing the second element is introduced at its UPD and forms an atomic layer 

on the surface of the first element. After the reaction is completed, the solution is rinse away 

with a blank solution, and a bilayer of the compound of interest is formed on the substrate. This 

cycle can be repeated many times until the desired film thickness is reached. This method 

significantly increases the deposit morphology and prevents 3D growth, at the same time gives 

precise control of the deposit composition and thickness. E-ALD formation of absorber layers 

such as CdTe
66

 and CIGS
64

 has been studied by this group.  

This dissertation involves the growth and characterization of CdS thin films on different 

substrates using E-ALD, and the fabrication of CdTe/CdS by electrochemical methods. In these 

studies the films were grown using an automated flow cell system (Electrochemical ALD L.C., 

Athens, GA). The system consists of solution bottles containing different precursor solutions and 

blank rinse solutions. All of the bottles were connected to a distribution valve, which distributes 

solutions to the flowcell. A pump was connected to the flow cell to pump the solution into and 

out from the cell. All waste was pumped to a waste container. The flow cell has an Au wire 

inlayed as the auxiliary electrode. The working electrode is the substrate used for 

electrodeposition, with an area of 2.1 cm
2
. An Ag/AgCl reference electrode was used to form the 

3-electrode setup. The potentials are measured using a potentiostat. The pump, the valves and the 

potentiostat are automated using an in house LabVIEW-based program called “SEQUENCER”. 

During the electrodeposition process, the solution bottles and the valves were continuously 

purged with nitrogen to minimized oxygen gas in the system.  
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Chapter 2 of the dissertation presents the study of E-ALD formation of CdS on Au 

substrates. The electrochemical behavior of Cd and S were studied using cyclic voltammetry 

(CV). Deposits formed at different potentials and flow speeds were made and the dependence of 

film composition on deposition potential was investigated. The films were analyzed with a 

variety of thin film characterization techniques including electron probe microanalysis (EPMA), 

X-ray diffraction (XRD), spectroscopic elliposometry (SE), scanning electron microscopy 

(SEM), and photoelectrochemistry to probe different aspects of the film. The growth rate was 

found to be linear with respect to the deposition cycle numbers. A sharp CdS zinc blend <111> 

crystal pattern was observed in XRD. The growth rate was determined to be 0.56 ML/cycle. 

SEM of the deposits showed conformal coating over the substrate and the morphology of the 

deposits followed that of the substrate. Photoelectrochemical measurements showed that the 

deposit was n-type semiconductor with a very clean dark current, suggesting good film quality. 

Chapter 3 describes the study of E-ALD of CdS on Ag substrates, on both planar and 

nanorod form. The deposition differs from that on Au in that Ag is more reactive and at open 

circuit forms bulk Ag2S, so the potential for CdS growth on Ag needs to be more carefully 

controlled. The electrochemical behavior of Cd and S on Ag planar films was studied using 

cyclic voltammetry. The more complicated morphology of nanorods also posed challenges to the 

conformal growth of the thin film. The deposition potentials for both Cd and S were found to 

work best at -600 mV. The films of CdS fabricated on both planar Ag films and on Ag nanorods 

were characterized using EPMA and SEM. The SEM of Ag nanorods before and after deposition 

showed distinct difference, and the CdS seemed to coat all sides and direction of the exposed Ag 

nanorods. 
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Chapter 4 of this dissertation investigates the possibility of using E-ALD to form CdS on 

Indium-Tin-Oxide (ITO) substrates, because ITO is the most widely used front contact material 

in making photovoltaic devices. The difficulty in this study lies in the heterogeneity nature of 

ITO. There are several different kinds of oxygen and indium atoms on the surface of ITO. 

Neither Cd nor S showed UPD behavior on ITO substrates. The proposed method in this 

dissertation is to first reduce a small amount of ITO to indium metal, which can act as nucleation 

sites for Cd and S UPD growth. But indium metal is not stable at the potential where Cd 

deposits, so Cu is used to replace indium as a more stable nucleation site. This method not only 

increased the density of nucleation sites on ITO surface by over an order of magnitude, but also 

improves the adhesion between the CdS thin film and the ITO substrate. 

Chapter 5 involves the CdTe/CdS photovoltaic device fabrication with superstrate 

configuration. It is a step forward from chapter 4 after CdS is deposited onto ITO substrate, so 

that subsequent layers can be deposited and a complete device could be fabricated. 

Photolithography was first used to divide the surface of ITO into 1x1 mm
2
 squares so that each 

square can act as its own individual photovoltaic device. If there is a defect or short circuit in one 

square, the performance of other squares won’t be affected. CdS thin film was deposited onto the 

ITO substrate using the method described in chapter 4. CdTe absorber layer was deposited onto 

CdS/ITO by a lab mate Xiaoyue Zhang using Pulse-Plating Atomic Layer Deposition (PP-ALD) 

method. And finally Au back contact was electrochemically deposited on to CdTe/CdS/ITO, so 

that a complete device was fabricated. 

Chapter 6 involves the deposition of an ultra-thin Au layer on triple junction amorphous 

silicon solar cell for protection purpose. The method used for the deposition follows the same 

idea in chapter 4, where a minimum amount of ITO is reduced to In metal and a more stable 
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metal Au is introduced for the redox exchange at open circuit. The Au coverage on the surface 

increases as the cycle number increases and eventually plateaued after reaching a full monolayer. 

The Au layer covers the TJSC surface evenly with no visible defects under SEM. The Au-coated 

TJSC is stable in pH 13 solution for over an hour. Future studies can be done on characterizing 

the PEC performance of the Au-coated TJSC for catalyst attachment and water splitting. 
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Abstract 

Cadmium sulfide (CdS) thin films were electrochemically formed on polycrystalline Au 

films, using electrochemical atomic layer deposition (E-ALD) and successive ionic layer 

adsorption reaction (SILAR). In developing a E-ALD cycle for CdS, voltammetric studies of the 

individual precursors on Au electrodes were used to determine potentials ranges for the 

underpotential deposition (UPD) of Cd and S. Subsequent potential optimization was performed 

by nanofilm growth, systematically varying the deposition potential of one element and 

examining the resulting Cd/S stoichiometry using electron probe microanalysis, and microscopy 

of deposit morphology.  Optimized deposits displayed a linear growth dependence on cycle 

number, characterized using spectroscopy ellipsometry, and expected for an ALD process. The 

1LO Raman peak was observed at 303 cm
-1

 using 514 nm light. The X-ray diffraction pattern 

was consistent with a strongly preferred zinc blend <111> orientation. For SILAR deposits, 

formed using the same flow system used for E-ALD, the CdS existed as porous clusters, as 

viewed using SEM, whereas E-ALD deposits were conformal and compact coatings. The 

comparison between E-ALD and SILAR deposits, formed using the flow cell system, indicated 

some degree of homogeneous precipitation near the surface in the case of SILAR, which 

appeared to be eliminated using the E-ALD growth cycle, leading to both a higher growth rate 

and film quality. 

Introduction 

The II-VI compound semiconductor cadmium sulfide (CdS) is the most widely used 

buffer layer material for second generation thin film solar cells.  It is an n-type semiconductor, 

with a band gap of 2.4 eV, good optical transmittance, low resistivity, and has been used by the 

PV industry to form p-n junctions with various absorber layers, such CdTe
1-3

 and Cu(In,Ga)Se2 
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(CIGS)
4-5

. For an ideal thin-film solar cell configuration, a CdS buffer layer should have a 

thickness sufficient to avoid pinholes and short circuits, but thin enough for high optical 

transmission. As a result, good uniformity and limited defects are needed.  The microstructure 

and morphology of CdS thin films are a function of the deposition method. CdS thin layer can be 

fabricated using a number of methods, such close-spaced sublimation (CSS)
3, 6-7

, chemical bath 

deposition (CBD)
5, 8-11

, electrodeposition
12

, and successive ionic layer adsorption and reaction 

(SILAR)
13

 .  

SILAR is considered as a modified version of CBD. It was first introduced by Nicolau
13

 

in 1985, and gained popularity when applied to the making of core-shell nanocrystals in quantum 

dot sensitized solar cells
14

. The basis of the SILAR process involves alternate immersions of the 

substrate in separate solutions containing the precursor cations (Cd
2+

) and the precursor anions 

(S
2-

). When the S
2-

 coated substrate is immersed in Cd
2+

 solution, they react ideally at the solid 

liquid interface, forming a layer of CdS.   

In the subsequent rinse step, the excess Cd
2+

 is quickly washed away by convection.  The 

resulting growth rate appears dependent on the rinsing process and duration.   Subsequent 

dipping in the S
2- 

solution leads to adsorption of S
2-

 ions, and the process is repeated. CdS thin 

films have been made using SILAR under a variety of conditions. Table 1 summarizes the 

parameters reported in the literature for the fabrication of CdS thin films using SILAR. 

 Table 1: List of conditions reported in the literature for CdS thin film formation using SILAR. 

 Cd (M) S (M) Dip 

(s) 

Rinse  

(s) 

No. cycles and 

thickness 

Temp Characterization ref 

1 0.025  

(pH 5) 

0.1 M 

(pH 9) 

15  10  20 (280 nm) 80 C Annealing, XRD, 

SEM, Abs, 

resistivity 

15
 

2 0.2   0.1  40  100  Up to 1500  RT XRD, SEM, 
16
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(pH 5) (pH 12) Up to 120 nm 

(0.078 nm/cy) 

 EDX, RBS  

3 0.0125 0.05 20  20  160 (280 nm) 30 C XRD, SEM, 

TEM, RBS, EDX 

17
 

4 0.1  

(pH 5.8) 

0.05  

(pH 12.5) 

40  150  115 nm  

0.23 nm/cy 

RT 

 

XRD, AFM, 

stress 

18
 

5 0.2  

(pH 5.3) 

0.1  

(pH 12) 

40  100  0.14 nm/cy RT XRD, SEM 
19

 

 

6 0.1  

(pH 5.9) 

0.05  

(pH 11.5) 

40  50  100 RT 

 

XRD, SEM, Abs, 

resistivity 

20
  

7 0.1 0.1- 0.7  15   50  RT 

 

Thickness, XRD, 

SEM, Abs 

21
 

8 0.1  0.1 15  10  25 to 100 (125 

to 295 nm) 
85 C FTIR, Abs, SEM, 

AFM, EDX 

22
 

9 0.1  

(pH 5.0) 

0.05  

(pH 12.5) 

40  150  200 to 1300 (20 

to 120 nm) 

RT 

 

Thickness, AFM, 

stress 

23
 

10 0.1  0.1 to 0.7 15  10  Between 100 to 

50 (450-500 

nm) 

80 C XRD, SEM, EDX 
24

 

11 0.02    

(pH 4.9) 

0.01  

(pH 12.3) 

60  60  10  RT 

 

Stripping 
25

 

12 0.1 M 0.1 M 29.5 29.5 30  30.1C RSM, XRD, 

SEM, ABS 

26
 

13 0.1 M 0.5 M 15  20  100 85 C XRD, Abs, PL, 

SEM, AFM, EDX 

27
 

14 0.1 M 

(pH 5.5) 

0.1 M 

(pH 12) 

25  50 Not known RT 

 

I-V, C-V, C-f 
28

 

15 0.1 M 

(pH 4.1) 

0.1 M 

(pH 11.7) 

Not 

known 

Not 

known 
100 RT 

 

XRD, TEM, 

SEM, Abs 

29
 

16 0.3 0.3 300 120 12 RT 

 

XRD, Raman, 

TEM, SEM, Abs, 

PL, PEC 

30
 

17 0.1 0.05 40  150 100 nm RT 

 

XRD, AFM 
31

 

18 0.02  

(pH 11) 

0.03  

(pH 11) 

15  40  30 RT 

 

XRD, SEM, I-V, 

thermo-emf 

32
 

19 0.1  

(pH 5.9) 

0.05  

(pH 11.5) 

40  50 100  

(320 ±15 nm) 

RT 

 

XRD, SEM, Abs, 

PL 

33
 

           

Another low-cost method for the formation of semiconductor, and metallic, nanofilm 

materials is electrodeposition. The development of the dual damascene process for fabrication of 
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high quality copper interconnects in microprocessors demonstrated that electrodeposition can 

meet the ULSI industry’s requirements for large-scale production
34

.  As might be expected, the 

quality of electrodeposits is a function of potential, temperature, substrate structure, solution 

composition, as well as additives.  

 Electrochemical atomic layer deposition (E-ALD) 
35-40

 is the condensed phase equivalent 

of the gas phase atomic layer deposition (ALD).  ALD denotes the growth of nanofilms of 

materials in a layer-by-layer fashion, where surface limited reactions are used achieve atomic 

layer growth.   In general, a cycle is used to form deposits, where each cycle produces one 

atomic or monolayer of the desired material, and the number of cycles determines the deposit 

thickness.   The vast majority of ALD is performed in the gas or vacuum phase.   In E-ALD, 

however, deposits are performed in solution, where the potential of the substrate and the 

precursors in solution are used to deposit the surface limited atomic layers
41

. Surface limited 

reactions in electrochemistry are referred to as underpotential deposition (UPD).  UPD is a 

phenomenon where an atomic layer of a first element is deposited on a second at a potential prior 

to that (under) that needed to deposit the first element on itself, due to the negative free energy in 

the formation of a compound or alloy
41-44

. A variety of metals and semiconductor thin films have 

been made using E-ALD, including CdTe
43

 and CuInSe2(CIS)
40

. 

Studies of the formation of the first few monolayers of CdS on Au by E-ALD were 

reported by several groups
39, 45-49

, but few investigated well-formed CdS E-ALD thin films thick 

enough for potential applications in solar cell fabrication. The first part of the present report 

extends the E-ALD growth of CdS films from the first few layers to over 50 nm, and 

systematically examines the growth parameters.  The second part compares deposits made using 

E-ALD and SILAR, as both involve the growth of materials one atomic layer at a time.  The 
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same automated flowcell system was used for both sets of deposits, with the SILAR process 

carried out without potential control, though the substrate potential was monitored during SILAR 

process. The processes are similar, with SILAR based on adsorption and essentially precipitation 

of the cations and anions near the substrate surface, while electrochemically controlled redox 

reactions were used to form the deposits in the E-ALD process. The same parameters that can be 

manipulated in SILAR can be controlled in E-ALD, with the addition of potential control to 

achieve UPD.   In this report, the SILAR deposits were formed using the same solution, flow 

rate, immersion time as the optimized E-ALD process for comparison purposes. Use of the E-

ALD flowcell system should provide greater control over the SILAR process than the manual 

control used in most previous SILAR studies reported in the literature. 

Experimental 

The Cd solution was 0.5 mM CdSO4 (Sigma-Aldrich) in 0.5 M NaClO4, pH 3. The 

sulfide solution was 0.5 mM Na2S (J.T.Baker) in 0.5 M NaClO4, pH 10.5. The precursor 

concentrations were mM, given that deposits were limited to a monolayer (ML), or less, each 

cycle. A monolayer (ML) in this study is defined as one adsorbate atom per Au surface atom. 

The precursor solutions, as well as the pH 3 acidic and pH 10.5 basic blanks used for rinsing, 

contained 0.5 M NaClO4 as a supporting electrolyte.  The blanks were used to rinse the cell of 

any precursor left. All solutions were made using 18 MΩ water, filtered through Millipore 

Advantage 10. The substrates used were 100 nm of Au coated on 5 nm of Ti on glass slides, 

purchased from Evaporated Metal Films (Ithaca, NY). The Au substrates were cleaned prior to 

use with Millipore water and acetone, followed by a 30s immersion in concentrated nitric acid, 

and then rinsed with Millipore water. 
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All experiments were performed using an automated flowcell system (Electrochemical 

ALD, L.C., Athens, GA). Solution bottles were connected to a distribution valve, which 

controlled the species flowing into the cell. The solutions were sucked through the distribution 

valve into flowcell where the potential was controlled and or measured using a potentiostat. The 

pump and potentiostat were automated using a program developed in-house, referred to as 

“Sequencer”. The auxiliary electrode was a gold wire embedded in the cell wall and the 

reference electrode was 3 M Ag/AgCl (BASi, West Lafayette, IN). The exposed electrode area 

was 2.1 cm
2
. During the deposition of CdS, the flow rate during all flow steps was kept at 11 

mL/min. Cyclic voltammetry (CV) was performed at a scan rate of 10 mV/s, with the solution 

flowing at 2 mL/ min. Prior to all experiments, nitrogen gas was used to purge oxygen from 

bottles and tubes.  

Electron probe microanalysis (EPMA) was performed on a JEOL 8600 Superprobe with 

10 keV accelerating voltage, 15 nA beam current, and 10 µm beam dimeter. Thickness 

measurements were made using a spectroscopic ellipsometry (SE), JA Woolam M-200 V. X-ray 

diffraction (XRD) measurements were performed on a PANanalytical X’PERT Pro with an open 

Eulerian cradle, using 0.154 nm Cu Kα1 source and a parallel plate collimator. Raman 

measurements were made using a Renishaw microscope equipped with a CCD detector using a 

514 nm Ar-ion laser (Modu-Laser, LLC, Centerville, UT) running at 0.67 mW. Scanning 

electron microscopy (SEM) was performed on an FEI Inspect F50 FEG SEM (FEI, Hillsboro, 

OR).  
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Results and Discussion 

Figure 2.1 displays CVs for Au substrates in separate Cd (Figure 2.1a) and S (Figure 

2.1b) precursor solutions. In Figure 1a, as the potential was scanned negatively from the open 

circuit potential (OCP), 400 mV, and shows a broad reduction peak a at -200 mV, corresponding 

to Cd UPD. As the potential was scanned further negative, Cd alloying with the Au surface 

occurs, leading to bulk Cd deposition (peak c). Near peak c the hydrogen evolution reaction 

(HER) becomes important as well. In the subsequent positive scan, peak c’ corresponds to bulk 

Cd stripping peak, as it was not evident prior to reaching -800 mV. The broad oxidation peak b’ 

corresponds to stripping Cd from the Au surface alloy, and the peak a’ corresponded to stripping 

Cd UPD, the most stable form of Cd.  From those CV results possible Cd UPD potentials are 

suggested to be between -200 and -800 mV. The CV of the Au substrate in sulfide is shown in 

Figure 1(b). When the potential was scanned negative from OCP, -400 mV, peak a was observed 

starting at -720 mV and was attributed to the reduction of the self-absorbed sulfur on the Au 

surface. Sulfide is known to spontaneously oxidize to sulfur atom and absorb onto Au surfaces
50-

51
. The self-absorbed sulfur coverage was 0.3 ML, assuming a two-electron process. On the 

reverse scan, peak a’ was the oxidation of sulfide ions to adsorbed sulfur, or sulfur UPD. Peak a 

and a’ were similar in size and position, suggesting good reversibility of the redox process. Peak 

b’ was the oxidation of sulfide to bulk sulfur and polysulfides. The process was limited because 

sulfur had a tendency to cover and insulate the electrode surface thus impeding further oxidation. 

This bulk sulfur coverage appears to be about 1.2 ML, again assuming a two-electron process.  

Previous studies suggest a sulfur layer, composed of eight-membered polysulfide rings, 

when exposed to Cd
2+ 

ions, converts to CdS
52

.  Scanning further positive results in peak c’, 
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which has been associated with oxidation of sulfur to sulfite and sulfate. Those results suggest 

sulfur deposition between -700 to 0 mV as a range for sulfur electrodeposition. 

An example E-ALD cycle is displayed in Figure 2.2. The green-themed colors represent 

the potentials for each step, on the left Y axis, while the red curve on the right Y axis depicts that 

current. The cycle began by flowing Cd
2+

 solution at -600 mV for 10 s, followed by quiescent 

deposition of Cd for 10 s at -775 mV. The Cd
2+

 solution was then rinsed out using by blank, and 

then introduction of the S
2-

 solution, at -775 mV. S was then deposited at -300 mV in a quiescent 

solution for 10 s, followed by blank rinses. The two blank solutions were used in sequence, to 

convert from previous pH, to the next. All flow steps were performed at 11 mL/min. Each cycle 

resulted in the deposition of a fraction of a ML of each element. The charge under Cd deposition 

process was significant larger than that for the oxidation of S, due to the HER. The cycle was 

repeated until a desired film thickness was reached.  

Deposits using the same potentials (Cd at -775 mV; S at -300 mV) but different step 

times were made. The total deposition time was kept constant by varying the number of cycles 

performed. Figure 2.3 shows pictures of 4 deposits made with step times: 2.5 s (200 cycles), 5 s 

(100 cycles), 7.5 s (67 cycles), and 10 s (50 cycles). The vertical stripes appearing in the deposits 

using 2.5 s and 5 s step times, suggest laminar flow between inlet and outlet holes.  The cell used 

was configured with a row of 8 inlet holes at the bottom, and 8 outlet holes on the top, with the 

solution entering on the left (inlet) and leaving on the right (outlet).  As the step time decreased 

(and the number of cycles increased), the deposits appeared visually thicker and rougher, and 

displayed a flow pattern. The principle of ALD is that each cycle should result in the deposition 

of some fraction of a monolayer, and the number of cycles performed should determine the 
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deposit thickness.  However, as the time per cycle decreases, equilibrium is harder to establish 

and could account for some roughening.  The 10 s step length deposit showed no visible 

evidence of a flow pattern, though the deposits were much thinner, being formed with only 50 

cycles, and was chosen for subsequent deposit studies. 

The effect of potential on the film stoichiometry was studied using electron probe 

microanalysis (EPMA) at an acceleration voltage of 10 kV. Each sample was formed using 50 

deposition cycles with a step length of 10 s. Each measurement was an average of 6 spots across 

the film. Figure 2.4(a) shows the atomic percent of Cd and S at different S deposition potentials 

with the Cd deposition potential at -775mV. The black squares and red dots represented Cd and 

S atomic percent respectively, on the left Y axis. The green stars mark the elemental Cd/S ratio 

on the right Y axis. By varying the S deposition potential from -600 mV to -200 mV, the atomic 

percents of the two elements were kept at around 3.5, and the Cd/S near 1. When the S 

deposition potential was increased to -100 mV and above, the atomic percent of S increases from 

3.5 to 5.6 and Cd/S dropped below 0.9.  Those results are consistent with the onset of bulk 

sulfide oxidation to sulfur (Figure 2.1b) and the formation of S-rich deposits.  Those results 

suggest an optimal potential range for S deposition of between -600 to -200 mV. As a 

result, -300 mV was chosen for studies of the optimal Cd deposition potential. Figure 2.4(b) 

displays the Cd/S as a function of the Cd deposition potential, using a S potential of -300 mV. 

The atomic percent of the two elements increased slowly as the potential was decreased, with an 

abrupt increase below -800 mV.   However, the Cd/S ratio remained nearly constant, even at -

900 mV, where bulk Cd was possible. The coverages of both Cd and S quadrupled at -900 mV, 

indicating that the surface limited region central to ALD had been exceeded for Cd, yet from the 

ratio of Cd/S it appears that S deposition nearly kept up with the Cd deposition, demonstrating 



 

27 

 

the high affinity of S for Cd. However, even though the stoichiometry remained nearly constant, 

the -900 mV deposit displayed strong flow patterns and appeared clearly rougher with optical 

microscopy, indicating the growth near micron sized particles. From those EPMA results it was 

concluded that the best deposits were achieved with a S deposition potential between -600 and -

200 mV, with a Cd deposition potential between -700 to -300 mV.  

Thickness measurements of the deposits were made using spectroscopic ellipsometry. 

Figure 2.5 shows the relation of film thickness to the number of cycles performed (Cd potential 

= -775 mV, S potential = -500 mV), displaying the characteristic linear relationship between 

coverage and the number of cycles performed expected of an ALD process.   

Figure 2.6 depicts the Raman measurement made on a 50-cycle CdS deposit (Cd potential 

= -775 mV; S potential = -500 mV) using a 514 nm laser. The literature suggests a shift of CdS 

1LO from 300 cm
-1

 to 305 cm
-1

 when CdS thickness increased from a single layer to bulk-

phase
53

. The 1 LO peak in Figure 6 appeared at 303 cm
-1

, consistent with the literature, given 

that the film thickness was tens of monolayers.   The two peaks at 604 and 904 cm
-1 

corresponded to the second and third order LO of CdS
54

. No feature corresponding to polymeric 

S, composed of S8 rings (150, 215, 462 cm
-1

)
52

, was observed, suggesting no excess S and good 

film purity.  

Glancing angle XRD was used to characterize the crystallinity of a 400-cycle deposit (Cd 

potential = -775 mV; S potential = -500 mV), and the pattern is shown in Figure 2.7. No post-

deposition annealing was required to obtain this X-ray diffraction pattern. The black and red 

spectra were the pattern for the Au substrate and the CdS/Au deposit, respectively. The intense 

sharp peak at 26° corresponded to the planes of the CdS <111> zinc blend structure, which is 
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known to be more stable than the wurtzite structure at low temperatures
55

. The CdS zinc blend 

structure is shown in the Figure 7 inset, with the black dots representing Cd atoms and orange 

dots S atoms. The two red triangles represent two adjacent <111> plane. According to the 

powder data base, the CdS <111> zinc blend structure has a lattice constant of a=0.5818 nm. 

Based on the geometry of the cubic structure, the distance between two <111> plane is 

calculated to be d=√3

3
a=0.336 nm. Given a thickness 10 nm for a 50-cycle deposit, the calculated 

deposition rate is 0.6 compound monolayers per cycle. The grain size calculated from Scherrer’s 

equation was 32 nm. 

It was reported that the Au substrates exerts a pronounced templating effect on the 

electrochemically grown CdS, which is attributed to the strong interaction between S and Au
45

. 

Figure 8 displays the SEM images of a clean Au substrate and the a CdS/Au deposit (Cd 

potential = -775 mV, S potential = -500 mV, 50 cycles) at different magnifications. The 

comparison between the higher magnification clean Au substrate (Fig 2.8 (b)) and CdS (Fig 2.8 

(d)) showed similar grain sizes and distribution among the two surfaces, indicating that Au did 

act as a template, with the CdS thin film conformally deposited.  

After the conditions for CdS E-ALD formation were optimized, A SILAR deposit was 

made using the same solutions and setup as the E-ALD process, differing only in the absence of 

electrochemical potential control. The OCP in the SILAR process was recorded and plotted (the 

blue-themed colors) which can be compared with those for the applied potentials used in the E-

ALD deposits (the green-themed colors), shown in Figure 2.9. The red and lighter red curves 

correspond to the current during E-ALD and SILAR, respectively. In the SILAR Cd deposition 

steps, the OCP drifted between -300 to -100 mV, whereas the E-ALD potential was held at -600 
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and then -775 mV, leading to Cd UPD. In the following S deposition steps, the E-ALD potential 

was held at -300 mV, close to the equilibrium OCP potentials recorded during the SILAR 

deposit. No significant overpotential was needed in the SILAR run due to the affinity between 

the S and Cd.   Though the potentials during S deposition were similar for the two methods, it 

was reported in the literature that S formed an ordered structure on Au under UPD potential 

control, but not at OCP
45

.  

Figure 2.10 shows pictures of a) an E-ALD deposit b), an E-ALD-equivalent SILAR 

deposit, as well as 3 SILAR deposits made with modified rinsing steps, including: c) rinse with 

each blank solution for 5 s instead of 10 s. d) 10 s rinse with basic blank only. e) no rinse. The 

number of cycles for all 5 deposits was kept at 50. The E-ALD-equivalent SILAR deposit (b) 

appeared to be very thin, the lightest color among the 5 deposits. It appears that the low 

concentration at the surface, together with the dilution from the long rinsing times, has limited 

the resulting deposit/cycle.  Comparing deposits (a) and (b) suggests that under the same 

conditions, the electrochemical process is much more efficient then adsorption and precipitation. 

Reducing the rinsing time to half, (c), the SILAR thickness clearly increased, the result of higher 

adsorbed and near surface precursor concentrations.  Deposit (d) has the same total rinsing time 

as deposit (c), but only rinsing with the basic blank.   Cd
2+

 ions exposed to a basic solution, 

instead of being rinsed away with the acidic blank, should from Cd(OH)2, which when exposed 

to S
2- 

should formed the thermodynamically more stable CdS, though it is probable that much of 

the Cd(OH)2 would be present as a precipitate, differentiating it from an adsorbed layer of Cd
2+

 

ions. No obvious visible change in appearance was observed when the basic rinse step was 

further eliminated in deposit (e), indicating that, following Cd
2+

ion exposure, rinsing with the 

basic sulfide solution produced the same results as leaving out the acidic rinse.  
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Figure 2.11 displays SEM images of the deposits made by E-ALD and SILAR with the 

different rinsing processes. In all SILAR deposits in the present study, CdS clusters were 

evident, suggesting homogeneous precipitation and at least some powder-like, and poorly 

adherent components to the films, in contrast to the compact conformal films made using E-

ALD. Those results are consistent with previous results which did not how the random 

precipitation components with the E-ALD growth process
48

. 

Conclusion 

CdS thin films with a thickness of up to 50 nm were successfully formed on Au substrate 

using E-ALD.  A wide range in the deposition potentials for Cd and S, yielding optimal 

stoichiometry, were observed, due to the high affinity of the two elements. Spectroscopic 

ellipsometry showed linear growth with increasing cycle numbers, typical for an ALD process. 

The deposition rate was determined to be 0.6 ML/cycle. XRD indicated a strong zinc blend 

<111> preferred orientation. SEM showed conformal coating of the substrate, consistent with the 

layer-by-layer ALD growth mechanism. The comparison between E-ALD and SILAR deposits, 

grown with the same hardware and program, showed that the potential driven E-ALD process 

eliminated the homogeneous precipitation component, observe with the various SILAR programs 

used here.  Overall, the E-ALD process yielded compact and crystalline films, whereas open 

circuit SILAR solution exchange led to slower deposition rates and the formation of porous 

clusters on the surface.  On the other hand, SILAR can be applied to almost all types of 

substrates and E-ALD is limited to conducting surfaces. 
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Figure 2.1(a): Cyclic voltammogram of Au in 0.5 mM CdSO4, pH 3. Inset is the zoomed-in of 

the first 3 scans. Potential was measured vs. Ag/AgCl (3 M KCl) reference electrode with a scan 

rate of 10 mV/s. The flow rate was 2 mL/min. The electrode area was 2.1 cm
2
. 

 

 

 

 

 

 

 

 



 

41 

 

 

Figure 2.1(b): Cyclic voltammogram of Au in 0.5 mM Na2S, pH 10.5. Potential was measured 

vs. Ag/AgCl (3 M KCl) referecne electrode with a scan rate of 10 mV/s. The flow rate was 2 

mL/min. The electrode area was 2.1 cm
2
. 
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Figure 2.2: Illustration of one complete CdS E-ALD cycle. Straight lines in green indicate the 

potential for each step. The red curve describes the current corresponding to the potential steps. 
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Figure 2.3：From left to right: pictures of deposit made (Cd potential = -775 mV; S potential = -

300 mV) using 2.5 s (200 cycles), 5 s (100 cycles), 7.5 s (67 cycles), and 10 s (50 cycles) step 

lengths. 
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Figure 2.4(a): Dependence of CdS film composition on S potential when Cd potential was held 

constant at -775 mV. 
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Figure 2.4(b): Dependence of CdS film composition on Cd potential when S potential was held 

constant at -300 mV. 
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Figure 2.5: CdS thin film thickness as a linear function of the deposition cycle number (Cd 

potential = -775 mV; S potential = -500 mV). 
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Figure 2.6: Raman spectrum on a 50 cycle CdS deposit (Cd potential = -775 mV; S potential = -

500 mV) using a 514nm laser. 
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Figure 2.7: XRD patterns of Au substrate (black) and a 400-cycle CdS thin film (Cd potential = -

775 mV; S potential = -500 mV) on Au.  The inset represents the CdS zinc blend structure, with 

the red triangle marking the <111> plane. 
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Figure 2.8: SEM images of cleaning Au substrate and the CdS thin film (Cd potential = -775mV, 

S potential = -500 mV, 50 cycles) on Au substrate. The comparison between the higher 

magnification clean Au substrate (b) and CdS (d) showed similar grain size and distribution 

among the two surfaces, indicating that CdS was deposited conformally on the Au substrate. 
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Figure 2.9: Comparison of the cycle potentials for both E-ALD (the green-themed colors) and 

SILAR (the blue-themed colors). 
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Figure 2.10: pictures of CdS on Au formed with (a) E-ALD, b) E-ALD-equivalent SILAR, c) 

SILAR with 5 s rinse with each blank. d) SILAR with 10 s rinse with basic blank only. e) SILAR 

with no rinse. The cycle number for all 5 deposits was kept 50. 
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Figure 2.11: SEM images of CdS on Au formed with (a) E-ALD, b) E-ALD equivalent SILAR, 

c) SILAR with 10 s rinse with basic blank only. d) SILAR with no rinse. 
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CHAPTER 3 

FORMATION OF CADMIUM SULFIDE USING ELECTROCHEMICAL LAYER 

DEPOSITION (E-ALD) ON PLANAR AG SUBSTRATES AND AG NANORODS
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Abstract 

Silver is one of the most important materials in plasmonics. It has an excellent electricity 

and heat conductivity, and is able to support surface plasmons across the spectrum from 300 to 

1200 nm
1
. To test the photoresponse enhancement of the Ag nanorods, a thin layer of CdS was 

deposited as a photocatalyst using electrochemical atomic layer deposition (ALD). Cyclic 

voltammetry (CV) was used to estimate the deposition potentials for Cd and S, which were then 

examined to systematically optimize the cycle. EPMA was used to measure the Cd/S ratios as a 

function of S deposition potential. The experiment conditions on Ag planar films were then 

transferred to Ag nanorods. SEM suggested the deposits were uniformly covering both types of 

Ag substrates. 

Introduction 

The ability of coinage metal nanostructures to manipulate light at the nanoscale has 

resulted in an emerging research field called plasmonics. Applications such as chemical and 

biological sensing
2-9

, thermal therapeutics
10-17

, and solar energy
18-27

 has benefitted from the 

development of plasmonics. Plasmonics is the art of guiding and manipulating electronmagnetive 

waves down to the nanometer length scale
28-29

. Nanostructures with many different sizes (tens to 

hundreds of manometers) can be used to generate surface plasmons, thus bridging the gap 

between the micrometer and nanometer levels
30

. In localized surface plasmons, the electric field 

associated with the light exerts a force on the electrons in the conduction band of the metal 

nanostructure, causing them to oscillate at the same frequency. With a certain incident light 

frequency, the oscillation of the electrons will be in resonance with the incident light, resulting in 

an amplified strong oscillation of the surface electrons, known as the localized surface plasmon 

resonance mode
19

. By tailoring the size, shape, orientation of the nanostructures, light can be 
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manipulated in unique ways
31

.Among all nanostructures, ordered nanorods are desirable for 

photo-electrochemical catalysis, because of the anisotropy in their collective responses of optical 

and electrical properties
32

. By controlling the length, diameter, packing density, and shape of the 

nanorod structure, the photoresponse enhancement magnitude can be tuned
33

.  

Silver is one of the most important materials in plasmonics. It has an excellent electricity 

and heat conductivity, and is able to support surface plasmons across the spectrum from 300 to 

1200 nm
34

. Silver is relatively cheap (~13.4 USD/ounce compared with ~1207 USD/ ounce for 

Pt) among the metals that support plasmons.  

The Ag nanorod substrates were provided by Dr. Shanlin Pan from the University of 

Alabama. A template-free electrodeposition technique was used to fabricate the vertically 

standing Ag nanorods on Indium-Tin-Oxide (ITO) by applying a constant voltage in the absence 

of a supporting electrolyte onto the cathode using a two-electrode system
35

.To test the 

photoresponse enhancement of the Ag nanorods, a thin layer of CdS was deposited as a 

photocatalyst. 

CdS thin layer can be fabricated using a number of methods, such as successive ionic 

layer adsorption reaction (SILAR)
36-37

, close-spaced sublimation (CSS)
38-40

, chemical bath 

deposition (CBD)
41-45

 and electrodeposition
46

. Electrodeposition is a low-cost, highly 

controllable method of forming metal and semiconductor materials. Since the dual damascene 

method was developed to fabricate high quality copper interconnects in microprocessors, 

electrodeposition has been proven to meet the industry requirements for large-scale production
47

. 

In this experiment, CdS thin film was prepared using electrochemical atomic layer deposition (E-

ALD)
48-53

, developed by John Stickney. Similar to gas phase atomic layer deposition, surface 
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limited reaction is utilized to form one atomic layer of deposit on the surface at a time in E-ALD. 

In electrochemistry, this surface limited reaction is called underpotential deposition (UPD), 

which describes the formation of one atomic layer of the element on the substrate atoms before it 

starts to deposit on itself. This is driven by the negative free energy of surface compound 

formation. By alternating the solution exposed to the surface, a second element can be deposited 

on top of the first element, forming a compound bilayer. By varying the number of cycles 

applied, the thickness of the resulting thin film can be carefully tuned. pH, solution 

concentrations, and potential can also be varied to controlled the morphology and composition of 

the film. Various semiconductor thin films have been made using E-ALD, such as CdTe
50

, 

MoSe2
54

, and CuInSe2(CIS)
53

. To simplify the study, E-ALD of CdS on planar Ag substrate was 

investigated as a starting point. After the deposition conditions on planar Ag substrate were 

optimized, the treatment was transferred to Ag nanorods for CdS thin film deposition.   

Experimental 

The Ag nanorod substrates were prepared by Dr. Pan’s group from the University of 

Alabama. For detailed synthesis procedure, please see reference
32

.  

For the electrodeposition of CdS, All potentials are reported vs. an Ag/AgCl (3 M KCl) 

reference electrode (Bioanalytical Systems, Inc). The Cd solution was pH 3, contained 0.5 mM 

CdSO4 (Sigma-Aldrich) in 0.5 M NaClO4. The sulfide solution was pH 10.5, contained 0.5 mM 

Na2S (J.T.Baker) in 0.5 M NaClO4. The acidic and basic blank rinse solution was 0.5 M NaClO4 

with pH 3 and 10.5, respectively. All solutions were made using 18 MΩ nanopure water filtered 

through Millipore Advantage 10. 
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All electrochemistry was carried out in a flowcell system (Electrochemical ALD, L.C., 

Athens, GA) consisting of a distributing valve, a flowcell, a pump, and a potentiostat. The 

auxiliary used was an Au wire embedded in the cell wall facing the ITO working electrode. The 

exposed electrode area was 2.1 cm
2
. The whole system was automated by an in-house written 

LabVIEW-based program named Sequencer. The flow rate for CdS deposition was kept at 11 

mL/min for the entire process. CVs were performed with a scan rate of 10 mV/s. All solutions 

were purged with N2 prior to and during the experiment. 

Scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM-EDX) 

was performed on an FEI Teneo SEM (FEI, Hillsboro, OR) with an acceleration voltage of 10 

keV.  

Results and Discussion 

Figure 3.1 is the cyclic voltammetry of planar Ag substrate in blank solution (pH 10.5) 

after exposed to Na2S solution for 1 min. The scan started from open circuit, as the potential was 

scanned negative, a large reduction peak showed up at -720 mV that corresponded to the 

reduction of Ag2S. Ag is a more reactive metal than Au. The formation of Ag2S will occur as Ag 

metal is exposed to S
2-

. Unlike with Au, where there is only a fraction of a monolayer of self-

absorbed S, the reaction between Ag and S
2- 

goes deeper than the surface layer. The reduction 

peak integrated to be 3.76 ML, assuming a two-electron process.  

In order to find out the detailed potential for where Ag2S starts to form, a positive Ag window 

opening in Na2S was carried out, shown in Figure 3.2. The reversible redox peaks at -850 mV 

appeared to have some UPD characteristic to them, but the integration showed the peak area to 

be ca. 0.02 ML, which is too small to be utilized for deposition. As the oxidation potential was 
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reversed more and more positive, a reduction peak appeared at ca. -770 mV, which should 

correspond to the formation of UPD Ag2S. As the potential was reversed positive of -675 mV, 

the same peak as the bulk Ag2S stripping peak in Figure 3.1 appeared at -720 mV. The window 

opening suggests that if the potential goes positive of -675 mV, the formation of bulk Ag2S 

would occur. If the potential goes negative of -750, the UPD layer of Ag2S would be reduced off. 

This gave a rough range of potential where S can be deposited. 

Figure 3.3 depicts the negative window opening of Ag planer substrates in CdSO4 

solution. As the potential was scanned negative and reversed at -700 mV, no UPD stripping peak 

was observed. When the negative scan was reversed at -800 mV, a bulk Cd stripping peak was 

observed, and the peak grew as the potential was reversed at -1000 mV. A broad shoulder peak 

was also observed that corresponded to Ag-Cd alloy formation. The black cross marks where the 

bulk deposition started to happen. As long as bulk deposition is avoided, the affinity of Cd to S 

may be exploited for the UPD deposition of CdS. 

Figure 3.4 depicts the potential-current time trace for an example cycle of CdS E-ALD on 

planar Ag substrate. The cycle begins with a basic environment to prepare for the entering of the 

S
2-

 solution. The potential was kept at -600 mV for S deposition. After the deposition, the S
2-

 

solution was rinsed out with the basic blank and acidic blank was flown in at open circuit to 

prepare for the entering of Cd solution and to avoid any unnecessary reactions during the 

solution exchange. The deposition potential for Cd was kept at -600 mV to avoid bulk Cd 

formation. The integration of the oxidation current for S deposition is 1.25 ML, roughly in 

equivalent with the Cd reduction charge, which integrated to be to 1.55 ML.  Considering the 

charging current and hydrogen evolution involved in the Cd deposition step, it is reasonable to 

have the Cd reduction charge slightly higher than S oxidation charge.  
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Three S deposition potential (-675 mV, -625 mV, -600 mV) were studied to investigate 

the effect of potential on the compound stoichiometry. The Cd deposition potential was kept at -

600 mV. Figure 3.5 shows the atomic percent of Cd and S on a 50-cycle deposit measured by 

EPMA. The black blocks and red dots represent the atomic percent of Cd and S, respectively. 

The green stars mark the Cd/S ratio on the right axis. As the S deposition potential increased to 

more positive potential, the Cd to S atomic percent difference decreased, and the Cd/S ratio 

decreased from 1.4 to 1, which is the optimum ratio for CdS compound. This is expected because 

positive potentials favor S deposition, thus alters the compound from S-deficient to a 1:1 ratio 

deposit.  

The same deposition cycle was repeated 50 times on the Ag nanorods substrate. Figure 

3.6 depicts the SEM of the CdS thin film on planar Ag substrate and on Ag nanorods. The CdS 

on planar Ag (a) covered the surface uniformly and followed the morphology of the plain Ag 

substrate (b). The Ag nanorods before any treatment (d) had a smooth surface, and after coated 

with the CdS layer (c), the surface was clearly roughened. The CdS seem to cover not only the 

top surface of the rods, but also the valleys and ridges. 

The EDX spectrum gave distinct Cd and S peaks, as shown in Figure 3.7. However EDX 

gave a Cd/S ratio of 1.9. This could be due to the closeness of the Cd peak and substrate Ag peak 

causing interference. Element peak overlap may lead to inaccurate quantifications in EDX more 

than in EPMA. 

Conclusion 

In this study, the E-ALD of CdS on both planar Ag films and Ag nanorods on ITO was 

investigated. The difference between CdS E-ALD on Au substrates and Ag substrate is that Ag is 
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a much more reactive metal than Au. Ag oxidizes easily and can form bulk Ag2S at open circuit 

when exposed to sulfide solution. Thus the potential for CdS E-ALD on Ag must be carefully 

tuned. Cyclic voltammetry (CV) was used to study the electrochemical behavior of Cd and S 

individually on planar Ag substrate. No Cd UPD behavior was found on Ag substrate other than 

Cd-Ag alloy formation. The UPD formation of S on Ag substrate was limited to a small range 

from -750 mV to -675 mV. In the actual E-ALD process, Cd deposition potential was kept at -

600 mV, and S deposition potential was varied from -675 mV to -600 mV. EPMA measured 

sulfur-deficient deposit until the potential was pushed to -600 mV. Stoichiometric deposits were 

formed at a potential of -600 mV for both Cd and S. SEM images showed conformal coating of 

CdS on planar Ag substrates. The deposition condition was transferred to the Ag nanorods, and 

under SEM the CdS thin film followed the morphology of the nanorods can coated the points and 

ridges conformally.  
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Figure 3.1: Cyclic voltammetry of planar Ag substrate in blank solution (pH 10.5) after exposed 

to Na2S solution for 1 min. The scan rate was 10 mV/s.
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Figure 3.2: Positive window opening of Ag in Na2S at 10 mV/s. 
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Figure 3.3: Negative window opening of Ag planer substrates in CdSO4 solution. The black cross 

indicates the formal potential of Cd
2+

 in the given environment. 
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Figure 3.4 Potential (black)-current (red) time trace for an example cycle of CdS E-ALD on 

planar Ag substrate. 
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Figure 3.5: Atomic percents of Cd and S on a 50-cycle deposit measured by EPMA. S deposition 

potential were varied while Cd deposition potential was kept at -600 mV. 
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Figure 3.6: SEM of the (a) CdS thin film on planar Ag substrate (b) untreated planar Ag substrate 

(c) CdS on Ag nanorods (d) untreated Ag nanorods. 
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Figure 3.7: EDX spectrum of CdS on Ag nanorods. Distinct S and Cd peaks can be observed, but 

the difficulty to separate the Cd peak and the Ag substrate peak can lead to inaccurate Cd/S ratio. 
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CHAPTER 4 

MAXIMIZATION OF NUCLEATION AND GROWTH FOR CADMIUM SULFIDE 

ELECTRODEPOSITION ON INDIUM-TIN-OXIDE
3
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Abstract 

CdS deposition on Indium-Tin-Oxide (ITO) is an important step in most thin film 

photovoltaic synthesis process. CdS deposits on ITO through nucleation and growth mechanism, 

thus it is key to maximize the number of nucleation sites on ITO surface. In this report, an 

electrochemical process was developed by reducing a tiny amount of ITO to In metal and then 

exchanging the In with Cu
2+

, leaving small amounts of stable Cu on the ITO surface as 

nucleation anchor points for CdS electrodeposition. This method effectively increased the 

number of nucleation sites on ITO by over 10 times compared with that on pristine ITO, and 

made the electrochemical atomic layer deposition of CdS on ITO possible. Film adhesion to 

substrates was also significantly improved after the treatment.  

Introduction 

Electrodeposition has been successfully applied to form photovoltaics since the 1970s
1
. 

Over the years, many photovoltaic materials, such as CdTe
2-4

, Cu(In,Ga)Se (CIGS)
5-8

, and 

Cu2ZnSnS4 (CZTS)
9-12

 have been formed using electrodeposition.  The advantage of 

electrodeposition over other physical and chemical deposition techniques is that everything can 

be done in a beaker or flow cell under ambient conditions. The stoichiometry, doping, bandgap, 

and conduction type can be controlled with a reasonable accuracy, by varying the deposition 

potential, time, precursor concentration and pH, etc. Low temperature deposition techniques such 

as electrodeposition are not only more energy-saving, but also avoid material interdiffusion, 

which is typical in high-temperature process, thus yielding a sharper junction
13

.  

 In a typical superstrate thin film solar cell configuration, n-type semiconductor CdS is 

deposited on a transparent conducting oxide (TCO), usually indium-tin oxide (ITO), followed by 
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the deposition of the p-type absorber material and a metal back contact. A thin CdS layer will 

lead to a higher Jsc compared with a thicker layer due to enhanced blue response. But making 

CdS too thin often leads to pinholes results in the reduction of Voc and Fill Factor
14

. Thus a 

uniform coverage of CdS thin film on the TCO is of significant importance to the overall 

performance of the solar cell.  

ITO is an n-type semiconductor with a bandgap between 3.5–4.3 eV. It usually consists 

of In2O3 with 10 wt% SnO2
15

. There may be up to 4 different forms of oxygen on the surface of 

ITO, as well as at least two forms of In and Sn
16

. Due to the oxide nature of ITO, the different 

degree of hydrolysis of the lattice, along with the density and orientation of the oxide grains, can 

all lead to a fairly high level of heterogeneity on the surface. The high carrier concentration of 

ITO comes from the various defects sites including oxygen vacancies, interstitial indium, 

substitutional Sn
4+

 preplaced at In
3+

 sites
17

. Chemical reactions are expected to take place 

preferentially on the chemically active defect sites. The heterogeneity nature of the ITO surface 

poses difficulties to a uniform electrodeposition of thin films on ITO surface,  

The author’s group has been working on the electrodeposition of semiconductors for 

many years, and has developed an electrochemical version of atomic layer deposition (E-ALD) 

18-25
. Similar to gas phase atomic layer deposition, E-ALD takes advantage of surface-limited 

reaction to deposit one atomic layer at a time. The surface limited reaction in E-ALD is referred 

to as underpotential deposition (UPD), where one element deposits on a second element before it 

deposits on itself due to the free energy decrease associated with the surface compound 

formation
26-27

. Atomic layers of elements can be deposited on the substrate, and by alternating 

the elements exposed to the surface, bilayers of compound can be deposited uniformly to form 
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thin film semiconductors. UPD is observed with Cd and S on metal elements such as Au
28-29 

and 

Ag
30-32

, but not with oxides like ITO, since no single potential can realize the atomic deposition 

of elements on a surface with such variations.  

Attempts of successive ionic layer adsorption and reaction (SILAR) have been done by 

the author to form CdS on ITO. However, every time CdTe was deposited onto the CdS/ITO, 

delamination of CdS/CdTe from the ITO substrate was observed. Figure 4.1 is the SEM showing 

the delamination of the CdS/CdTe layer. A possible explanation is that the weak adhesion 

between the SILAR-made CdS and the ITO substrate was not enough to overcome the stress 

exerted by the CdTe layer, causing buckling of the film. Other approaches to solve this problem 

must be explored.  

Ever since the first paper
33

 that provided direct evidence of the electrochemical 

polarization on the composition of Indium oxide was published, Electrochemical reduction of 

ITO has been studied under different pHs with different electrolytes
17, 34-42

. Most of the studies 

focus on the electrochemical stability of ITO, rather than surface modification. In 2014, Switzer 

et. al has successfully deposited Ge wires by reducing ITO to form In metal that acted as 

reduction sites for Ge (IV)
43

. This work has pointed to the direction that if In is used as the 

metallic nucleation site, UPD growth of Cd and S on ITO could be made possible. The In 

nucleation sites created by ITO reduction can provide starting points for CdS spherical layer-by-

layer growth, without the need to step into bulk potential deposition regime. As the coverage 

grows, the film will coalesce and eventually cover the whole surface. The In atoms can also act 

as anchor points for better adhesion between the film and the substrate. However, according to 

Pourbaix diagram of Cd and In, metallic In is on the verge of being oxidized at the condition 
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where Cd can deposit. A more stable metal should be used to replace In as the nucleation site. 

The idea proposed in this study is that Cu
2+

 can be introduced to the system after ITO reduction 

to trigger the redox displacement reaction between Cu and In: 3 Cu
2+

 + 2 In → 3 Cu + 2 In
3+

, and 

replace In as the nucleation site for CdS UPD growth. Moreover, doping in CdS thin film with 

metal such as Sn
44-45

, Ga
46

, Ag
47-48

, Cu has been investigated. Literature reports that the use of 

Cu as a dopant of CdS allows for the reduction of CdS thickness from 70 nm to 30 nm, keeping 

the same high efficiency level
49

. An increase in transmittance with Cu-Doped CdS was 

reported
50

. Thus Cu can be chosen as a promising candidate for replacing In after ITO reduction. 

Experimental 

All potentials are reported vs. an Ag/AgCl (3 M KCl) reference electrode (Bioanalytical 

Systems, Inc). The ITO substrates (Delta Technologies) have Rs = 70-100 Ω/square, and were 

cleaned prior to use by three 15 min rounds of sonication in fresh aliquots of acetone and then 

three aliquots of Nanopure water. The Cd solution was pH 3, containing 0.5 mM CdSO4 (Sigma-

Aldrich) in 0.5 M NaClO4. The sulfide solution was pH 10.5, containing 0.5 mM Na2S 

(J.T.Baker) in 0.5 M NaClO4. The Cu solution was pH 3, containing 0.5 mM CuSO4 (Baker 

Analyzed, 99.8%) in 0.5 M NaClO4. The acidic and basic blank rinse solution was 0.5 M 

NaClO4 with pH 3 and 10.5, respectively. All solutions were made using 18 MΩ nanopure water 

filtered through Millipore Advantage 10. 

All electrochemistry was carried out in a flow cell system (Electrochemical ALD, L.C., 

Athens, GA) consisting of a distributing valve, a flow cell, a pump, and a potentiostat. The whole 

system was automated by an in-house written LabVIEW-based program named Sequencer. The 

auxiliary used was an Au wire embedded in the cell wall facing the ITO working electrode. The 
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exposed electrode area was 2.1 cm
2
. The flow rate for CdS deposition was kept at 11 mL/min for 

the entire process. The flow rate for ITO treatment and all cyclic voltammetry (CV) was kept 2 

mL/min. CVs were performed at a scan rate of 10 mV/s. All solutions were purged with N2 prior 

to and during the experiment. 

Scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM-EDX) 

was performed on an FEI Teneo SEM (FEI, Hillsboro, OR) with an acceleration voltage of 10 

keV. 
 

Results and Discussion 

Figure 4.2 depicts the window opening of ITO in acidic blank from OCP scanning 

negative. No sign of reduction was observed when the potential was reversed at -800 mV. When 

the negative limit was pushed to -900 mV (Figure 4.2 inset), in the reverse scan a small oxidation 

peak was observed at -650 mV that corresponded to In re-oxidation. But because of the existence 

of hydrogen evolution reaction (HER), the total current was still in the reduction territory. As the 

negative limit was pushed to -1000 mV, an obvious In re-oxidation peak showed up at -570 mV, 

a slight positive shift from the peak in the purple curve, due to the higher amount of In metal 

formed. No reduction and re-oxidation peak of Sn was observed, which is consistent with the 

literature
36

. This could be explained by the passivation of SnO2 and the difficulty for its 

reduction. Since the purpose of this study was the surface modification of ITO rather than 

altering the nature of the oxide, a minimum reduction potential was desired, thus -900 mV was 

chosen as the potential for ITO reduction. 

Figure 4.3 is the anodic scan of ITO after being reduced at -900 mV for 10 s, 30 s, 90 s to 

correlate the amount of In metal created with the time stayed at -900 mV. The oxidation current 
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increased as the reduction time increased. The oxidation charge was plotted against the reduction 

time (Figure 3 inset) and a linear relationship was observed, suggesting the amount of In metal 

formed can be controlled by varying the reducing time at -900 mV. 

To study the effect of reduction on surface morphology, SEM images were taken of the 

reduced ITOs. Figure 4.4 is the SEM of 3 pieces of ITO reduced at -900 mV for 60 s, 90 s, and 

180 s, compared with the untreated ITO. An increase in the number of pits and clusters was 

observed as the reduction time increased. The clusters were identified using EDX to be high in In 

percentage compared with the background. The In clusters appeared to form right next to the 

pits. A possible explanation is that the reduction started at the grain boundaries
35, 42, 51

, where In
3+

 

was slowly dissolved from the ITO lattice, creating valleys in the surface. The reduced In 

aggregated in to In metal droplets and resided next to the valleys created by reduction. The 

resulting In clusters were found to be not stable and would eventually dissolve away if left in the 

blank. Figure 4.5 is the comparison of (a) ITO reduced at -900 mV for 90 s and taken out right 

away with (b) ITO reduced at -900 mV for 90 s and leaving in blank solution for 5 min. As can 

be seen from image (b) the In clusters had already dissolved away, leaving only pits on the 

surface.  

To overcome the poor stability issue of the In nucleation sites, a more stable metal Cu 

was utilized to replace the In metal as the nucleus. The Cu was introduced into the surface as  

Cu
2+

 at open circuit, a redox displacement reaction occurred that reduced the Cu
2+

 to Cu, taken 

the place of In as nucleation sites. 

To quantify the amount of Cu metal on ITO after the displacement reaction, CV was done 

to strip off the Cu. Figure 4.6 is the stripping of Cu after 5 min of redox replacement with In 
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created by 90 s of ITO reduction at -900 mV. The scan started from OCP at ca. 10 mV, and 

immediately an oxidation current was observed peaking at 100 mV that corresponded to bulk Cu 

stripping. The current stabilized at a low level yet still above 0 when potential was scanned 

positive of 200 mV. This current is interesting because it implied the existence of a more stable 

form of Cu on the surface. The effect of Cu on the interface between ITO and CdS is still 

unclear. The existence of a more stable form of Cu suggests that the majority of the Cu can be 

stripped off by scanning positive to 200 mV, leaving only a minimum amount as the nucleation 

sites.  

To visualize if this treatment can increase the nucleation sites on ITO, 90 s of Cd 

deposition was applied at -800 mV, which is the onset potential for Cd bulk formation. The 

reason why bulk potential was chosen rather than UPD potentials is that UPD is self-terminating 

after one atomic layer, making it impossible to resolve under the microscope. Figure 4.7 is the 

SEM of (a) ITO reduced at -900 mV for 90 s followed by 5 min of Cu
2+

 redox displacement at 

OCP, (b) same treatment with (a) plus scanning anodically to 200 mV to strip off bulk Cu, (d) 

same treatment with (b) plus 90 s of Cd deposition at -800 mV, whereas (c) is 90 s of Cd 

deposition at -800 mV on untreated ITO. The comparison between (a) and (b) suggests that most 

of the metallic Cu has been stripped, leaving only a minimum amount on the surface as 

nucleation anchor sites. In (c), large and sparse Cd clusters can be seen whereas in (d) the Cd 

particles are smaller and much denser in population. In a 3x3 µm
2
 area, the number of clusters in 

(c) were counted to be less than 10% of the ones in the same area in (d) (33 versus 424), which 

indicated the treatment had significantly increased the number of nucleation sites for Cd 

deposited under equivalent conditions.  
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As described above, the pretreatment of ITO substrate includes 90 s of ITO reduction at -

900 mV, followed by 5 min of CuSO4 solution exposure at open circuit, and end with an anodic 

scan in CuSO4 from the OCP to 200 mV. This leaves the surface with a minimum yet essential 

Cu nucleation sites for CdS electrodeposition. A CdS thin film was deposited on the Cu-treated 

ITO substrate. Figure 4.8 is an illustration of one complete cycle. The black straight lines and red 

curves describe the potential on the left axis and current on the right axis, respectively. The 

solution in the cell corresponding to each step is marked in green. Each potential change was 2 

seconds behind the solution change to give time for the solution to reach the cell from the 

distribution valve so that the solution change and potential change was synced.   

 Figure 4.9 is the SEM of (a) 50 cycles of CdS deposited on a Cu-treated ITO using the 

method described above, compared with 50 cycles of CdS deposited on ITO reduced at -900 for 

90 s without any Cu displacement. The whole surface of deposit (a) was covered, with the top 

layer being round uniform CdS particles, whereas in (b) most of the area is exposed ITO surface 

with a low deposit coverage density, suggesting the Cu displacement step is essential in 

increasing the nucleation sites. To shed more light into the growth process, images of (c) 5 

cycles, (d) 15 cycles and (e) 25 cycles of CdS deposited on the Cu-treated ITO was taken. As can 

be seen from the images, the initial stage of growth (c) started at the right next to the valleys, 

where the nucleation sites created by reduction were formed, indicating the metal particles were 

the preferred nucleation sites for CdS growth. As the deposit started to grow, nucleation sites in 

the smooth area started to form. In image (e) not only did the deposit form on almost all the 

nucleation sites next to the valleys, but also on the planer smooth areas, suggesting a progressive 

growth. The Cd/S atomic ratio was determined by EDX to be 0.7, consistent with the S-deficient 

n-type CdS.  
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To see if this treatment improved the film adhesion to the substrate, CdTe was 

electrodeposited onto the CdS/Cu-ITO in the same fashion as the ones that delaminated from 

untreated ITO. On the CdTe/CdS/Cu-ITO structure, no film delamination was observed. Even 

when the thickness of CdTe quadrupled, both CdTe and CdS stayed on the substrate nicely, 

proving that the metal nucleation sites did act as anchor points and created a strong binding 

between the film and the substrate. 

Conclusion 

By reducing a small amount of ITO to In and allowing Cu
2+

 to exchange with the In, ITO 

with tiny Cu particles on the surface were made and used as substrate for CdS electrodeposition. 

This treatment of the ITO surface has proven to increase the nucleation density for 

electrodeposition, and promoted better adhesion between the film and the substrate. Future 

studies should be done on how and to what degree the ITO reduction would affect the 

photovoltaic performance, as well as the role of the Cu between the CdS and ITO interface.  
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Figure 4.1: SEM of CdTe/CdS delaminated from the ITO surface. 
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Figure 4.2: Window-opening of ITO in pH 3 blank solution. Potentials were reversed at -800 mV 

(blue), -900 mV (purple), and -1000 mV (red). The inset is the zoomed-in of the purple scan. 

Potential was measured versus the Ag/AgCl reference electrode with a scan rate of 10 mV/s 
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Figure 4.3: Cyclic voltammogram of the anodic scan after ITO was reduced at -900 mV for 10 s 

(orange), 30 s (red), and 90 s (black). The inset is the linear fit of the oxidation charge versus the 

reduction time. Potential was measured versus the Ag/AgCl reference electrode with a scan rate 

of 10 mV/s. 
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Figure 4.4: SEM of untreated ITO, compared with ITO reduced at -900 mV for 60 s, 90 s, and 

180s. The acceleration voltage used was 10 kV. 

  

Figure 4.5: SEM of (a) ITO reduced at -900 mV for 90 s and taken out right away, (b) ITO 

reduced at -900 mV for 90 s and leaving in blank solution for 5 min. 
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Figure 4.6: Stripping of Cu from OCP after 5 min of redox replacement with In created by 90 s 

of ITO reduction at -900 mV. The cartoon is the illustration of stripping bulk Cu by scanning to 

200 mV, thus removing extra Cu, exposing smaller nucleation sites. 
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Figure 4.7: SEM of (a) ITO reduced at -900 mV for 90 s followed by 5 min of Cu
2+

 redox 

displacement at OCP, (b) same treatment with (a) plus scanning anodically to 200 mV to strip off 

bulk Cu, (d) same treatment with (b) plus 90 s of Cd deposition at -800 mV. (c) 90 s of Cd 

deposition at -800 mV on untreated ITO. 
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Figure 4.8: Potential-current-time trace of one complete CdS E-ALD cycle. The straight black 

lines represent the programmed potential, and the red curves are the corresponding current. The 

solution in the cell corresponding to each step is marked in green.                                                                                                     
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Figure 4.9: SEM of (a) 50 cycles of CdS deposited on a Cu-treated ITO, (b) 50 cycles of CdS 

deposited on ITO reduced at -900 for 90 s without any Cu displacement. 
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CHAPTER 5 

PRELIMINARY STUDIES OF THE FORMATION OF A PHOTOVOLTAIC (PV) USING 

ELECTRODEPOSITION
4
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Abstract 

CdTe/CdS p-n junctions in both substrate and superstrate configurations were made. In 

the substrate configuration, CdTe was first deposited onto Au substrates using 15 minutes of 

codeposition at -700 mV, followed by electrochemical atomic layer deposition (E-ALD) of CdS 

on CdTe/Au. In the superstrate configuration, the ITO substrate was first patterned with 1x1 mm
2
 

squares using photolithography, and then treated with electrochemical methods to form Cu 

nucleation sites on the ITO surface. CdS E-ALD was then performed on the treated ITO 

substrate. CdTe thin films were deposited onto CdS/ITO using pulse plating atomic layer 

deposition (PP-ALD). A layer of Au was deposited electrochemically on CdTe/CdS/ITO as the 

back contact. Photoelectrochemical measurements on the substrate configuration showed good p-

type response and clean dark current. XRD showed CdTe zinc blend <111> and CdS zinc blend 

<111> structure. SEM images of the CdTe/CdS/ITO showed compact deposits covering the 

whole surface. Work on collecting more information on cell performance is on the way.   

Introduction 

With the energy crisis the world is faced with today, researcher all over the world are 

looking for renewable alternative energy sources, and solar energy is the most promising solution 

to solving our energy shortage problem for the future.  Solar photovoltaic industry is one of the 

fastest growing businesses in the world, with a compound annual growth rate over 40%.
2
  

Photovoltaic describes a group of device that converts solar energy to electricity. It 

usually consists of an electron-rich n-type semiconductor and a hole- rich p-type semiconductor. 

It was first observed by Alexandre-Edmund Becquerel in 1893 that “electrical current arose from 

certain light induced chemical reactions”
3
. The real development of photovoltaics started in the 
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late 1940s when the first solid state device was developed with an efficiency of 6%
3
. A typical 

photovoltaic device usually consists of an electron-rich n-type semiconductor and a hole-rich p-

type semiconductor. When the semiconductors are brought together and in contact with each 

other, the electrons in the n-type semiconductor are going to diffuse across the semiconductor 

interface and the same situation will occur for the hole in the p-type semiconductor. As the 

electrons and hole diffuse and neutralize, the fixed ion cores left behind at the interface is going 

to set up an electric field called the depletion region. When the equilibrium is re-established, a p-

n junction is formed, and the Fermi levels of the two semiconductors are going to align, causing 

bending of the valence band and the conduction band. This band bending sets up a potential 

barrier. When the p-n junction is illuminated by light, energy from photons is going to be 

absorbed, exciting the electrons, and electron-hole pairs are generated. Because of the potential 

barrier, the electrons and holes can only go a certain direction, and this movement of electrons 

and holes creates current. Only photons with energy higher than the bandgap will be absorbed. 

The first generation solar cells are based on Si wafers, including both Sin single crystals 

and bulk polycrystalline Si wafers
4-10

. In today’s solar cell market, 80-90% of the technology is 

dominated by silicon-based materials
11

. As an indirect bandgap material, in order for an electron 

to absorb a photon to be excited to the conduction band, the assistance of a phonon needed. This 

has led to the low absorption coefficient of Si wafers, which require the material thickness to be 

a few hundred um to absorb most of the incident light. In the last 10 years, the efficiency of 

average commercial wafer-based silicon modules increased from about 12 % to 17 %
12

.  High-

efficiency research Si solar cells have advantages in performance but are often unsuitable for 

low-cost production due to their complex structures and the lengthy manufacturing process 

required for fabrication
10

. Efforts have been made to reduce the thickness of Si wafers in order to 
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reduce Si consumption
13-14

, but the reduction in process yield caused by problems such as crack 

propagation comes along. Material usage for silicon cells has been reduced significantly during 

the last 10 years from around 16 g/Wp to less than 6 g/Wp due to increased efficiencies and 

thinner wafers
2
. The high manufacturing cost associated with the large amount of materials 

needed is the major factor hindering the development of Si solar cells.  

To reduce the cost and achieve high efficiency, researchers have developed 2
nd

 

generation of solar cells that are based on thin film materials such as CdTe
15-20

, CZTS
21-29

, 

CIGS
30-35

, etc. These semiconductors are possible candidates for solar cells because they have 

bandgaps near the optimal 1.5 eV and have theoretical efficiency limit of 30%
36-37

. The cost of 

thin solar cell can be kept relatively low by the use of inexpensive substrates, effective use of 

raw materials, high throughput and large area deposition at low temperatures
38

. In 2015, the 

market share of all thin film technologies amounted to about 8 % of the total annual production
2
. 

In structure of a typical thin film solar cell, the p-type absorber material is usually partnered with 

the n-type semiconductor CdS to form a p-n junction. The light comes in from the front 

transparent conducting oxide (TCO) and passes through semi-transparent CdS layer and 

eventually be absorbed by the p-type absorber layer. Electron-hole pairs are generated at the p-n 

junction and are conducted out to the external circuit by the back contact.  

CdTe is one of the most prevailing absorber material used in thin film solar cells. It was 

introduced as first as CdTe/CdS cell in 1972 by Bonnet and Rabenhorst with an efficiency of 

6%
40

. CdTe has a large absorption coefficient (>1x10
4
 cm

-1
)
41-42

, and only a few micron is 

sufficient to absorb 90% of the light with energy above CdTe’s bandgap (1.4 eV). The reduced 

thickness gives rise to an intense electric field, which facilitates carrier generation and collection. 
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Cadmium telluride is the only stable Cd–Te compound in the Cd–Te phase diagram, and this 

lead to the relatively simple fabrication of near stoichiometric CdTe films with various 

deposition technologies. On the other hand, the occurrence of native defects renders the precise 

control of the doping density difficult.  

Another critical component of CdTe solar cell is CdS. CdS is the most widely used n-type 

material in thin film solar cell. The major function of CdS layer is to allow the maximum amount 

of light to pass through and to form p-n junction with the absorber layer. For high optical 

throughput, an ideal candidate for the n-type material should have a bandgap as high as possible 

and thickness as low as possible thus to absorb the minimum amount of light and to maintain low 

series resistance.  The CdS layer should also be compact so as to avoid shunts between the 

absorber and the front contact. CdS also facilitates the formation of large bandgap CdTe1-xSx 

mixed crystal layer near the CdS-CdTe interface. When annealing at high temperature is needed, 

interdiffusion between CdS and CdTe takes place. In such cases the CdS layer should be thick 

enough so as not to be completely consumed. 

A popular method for fabricating CdS thin film is chemical bath deposition (CBD), 

where the growth of CdS is realized by ion-by-ion condensation of Cd
2+

 and S
2-

 on the surface of 

the substrate. A Cd source in the form of a salt is dissolved in the solution and slowly releases 

Cd
2+

. The S
2-

 in the solution generated by thiosulfate will precipitate with the Cd
2+

, forming CdS 

on the substrate surface.  The entire process can be done with a beaker on a hotplate. Thin, 

compact CdS thin films have been fabricated using chemical bath deposition. 

Another low cost method for forming CdS thin film at ambient condition is 

electrodeposition. The film quality and composition can be controlled by varying the precursor 
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concentration, pH, deposition potential, and temperature. The problem of conventional 

electrodeposition is that bulk deposition usually results in rough surface morphology and limited 

control of thickness. 

Electrochemical atomic layer deposition (E-ALD) was devoloped by this group and is the 

electrochemical equivalent of gas phase ALD. Similar to ALD, E-ALD uses surface limited 

reaction, which is referred to as underpotential deposition (UPD). UPD allows for atomically 

thick layers of materials to be deposited on a second material at a potential before the potential 

needed for the element to deposit on itself. In a typical E-ALD cycle, a solution containing the 

ionic form of the element of interest is introduced to the cell, and is deposited at a potential 

where only less than a monolayer of deposit should form. A monolayer is defined as one 

adsorbate atom per surface atom. After the reaction is completed, a blank solution is introduced 

to cell to rinse away any excess precursor ions, and a new solution containing the second element 

is introduced at its UPD and forms an atomic layer on the surface of the first element. After the 

reaction is completed, the solution is rinse away with a blank solution, and a bilayer of the 

compound of interest is formed on the substrate. This cycle can be repeated many times until the 

desired film thickness is reached. This method significantly increases the deposit morphology 

and prevents 3D growth, at the same time gives precise control of the deposit composition and 

thickness. 

 Another essential component in a CdS/CdTe is the front contact, which transmit light to 

the absorber layer. This layer is usually made with transparent conducting oxides (TCO). In the 

older cell no TCO was used, and CdS was used to draw the current laterally to the contact. In this 

case, the sheet resistance of CdS layer should be within a few tens of Ohms, which can only be 
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realized with a rather thick CdS layer doped with In or Ga. When TCO is used as the front 

contact, the requirement for CdS layer thickness is essentially eliminated. Thus, the 

TCO/CdS/CdTe structure is now generally adopted. The thickness of the TCO layer should be 

thick enough to give a low sheet resistance (lower than 10 Ohm/square), but not too thick the 

trasparency is comprised. TCOs are transparent in the 0.4<λ <0.7 µm wavelength range. In the 

infrared (IR) their metallic properties leads to reflectance, and in the ultraviolet (UV) range, the 

electrons can absorb sufficient energy to be excited depending on the bandgap of the TCO. 

Indium-tin-oxide is the most widely used TCO for making thin film solar cells. ITO films retain 

the cubic bixbyte structure of bulk In2O3, but with a slight increase in the lattice constant 

depending on the deposition condictions. 

Experimental 

For superstrate configuration, the mask used for ITO photolithography was purchased 

from CAD/Art Services, Inc, with 1x1 mm
2
 transparent squares 0.1 mm apart. The ITO 

substrates (Delta Technologies) have Rs = 70-100 Ω/square, and were cleaned prior to use by 

three 15 min rounds of sonication in fresh aliquots of acetone and then three aliquots of 

Nanopure water. The photoresist used was S1818 (Fisher scientific). The spin coating speed was 

500 rpm for the initial 15 s, and 3500 rpm for the next 60 s. After spin coating, the substrate was 

baked 60 s at 110 °C. The exposure was done with an MA6 mask aligner (SUSS MicroTec) for 

30 s. After exposure, the substrate was developed in 319 developer for 60 s, and then rinsed with 

copious amounts of water. After drying with nitrogen, the patterned ITO was post-baked at 110 

°C for 60 s. 
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All potentials are reported vs. an Ag/AgCl (3 M KCl) reference electrode (Bioanalytical 

Systems, Inc). The substrate used was the pattern ITO described above. The Cd solution was pH 

3, containing 0.5 mM CdSO4 (Sigma-Aldrich) in 0.5 M NaClO4. The sulfide solution was pH 

10.5, containing 0.5 mM Na2S (J.T.Baker) in 0.5 M NaClO4. The Cu solution was pH 3, 

containing 0.5 mM CuSO4 (Baker Analyzed, 99.8%) in 0.5 M NaClO4. The acidic and basic 

blank rinse solution was 0.5 M NaClO4 with pH 3 and 10.5, respectively. All solutions were 

made using 18 MΩ nanopure water filtered through Millipore Advantage 10. 

All electrochemistry was carried out in a flow cell system (Electrochemical ALD, L.C., 

Athens, GA) consisting of a distributing valve, a flow cell, a pump, and a potentiostat. The whole 

system was automated by an in-house written LabVIEW-based program named Sequencer. The 

auxiliary used was an Au wire embedded in the cell wall facing the ITO working electrode. The 

exposed electrode area was 2.1 cm
2
. The flow rate for CdS deposition was kept at 11 mL/min for 

the entire process. The flow rate for ITO treatment and all cyclic voltammetry (CV) was kept 2 

mL/min. CVs were performed at a scan rate of 10 mV/s. All solutions were purged with N2 prior 

to and during the experiment.  

Before CdS E-ALD, patterned ITO substrate was pretreated with 90 s of reduction at -

900 mV in acidic blank, followed by 5 min of CuSO4 solution exposure at open circuit, and end 

with an anodic scan in CuSO4 from the OCP to 200 mV. This leaves the surface with a minimum 

yet essential Cu nucleation sites for CdS electrodeposition. 

The deposition cycle used for the E-ALD of CdS was as follows. The S solution was 

pumped into the cell for 10 s at a potential of -400 mV. The excess S was rinsed from the cell by 

pumping in the pH 10.5 blank solution for 10 s while maintaining at the same potential. Next the 
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pH 3 solution was pumped into the cell at a potential of -700 mV to prepare the pH for Cd 

entering. The Cd solution was pumped in at the same potential for 10 s. The excess Cd solution 

was removed from the cell by pumping in the pH 3 blank solution while maintaining the 

potential at -700 mV. The cycle was completed with pumping in 10 s of the pH 10.5 solution at -

400 mV to prepare the environment for the S entering at beginning of the next cycle. 

All potentials are reported vs. an Ag/AgCl (3 M KCl) reference electrode (Bioanalytical 

Systems, Inc). The substrate used was the CdS/ITO prepared using methods described above. 

The CdTe codeposition solution contained mM CdSO4 and mM TeO2 in 0.1 M NaClO4, pH 2. 

The electrochemistry setup was the same as ones used for the CdS deposition. The flow rate for 

CdS deposition was kept at 2 mL/min for the entire process. 

The Au solution used for electrodeposition was ELEVATED® GOLD 7990 from 

TECHNIC INC. The deposition was done in a beaker with the aforementioned CdTe/CdS/ITO as 

the working electrode, a gold wire as the counter electrode, and Ag/AgCl (3 M KCl) as the 

reference electrode. A potential of -735 mV as applied for 1 min. The electrode was then taken 

out and rinsed with copious amounts of water. 

The substrate configuration CdS/CdTe/Au was prepared in a similar fashion with Au as 

the substrate instead of ITO. The substrates used were 100 nm of Au coated on 5 nm of Ti on 

glass, purchased from Evaporated Metal Films (Ithaca, NY). The Au substrates were cleaned 

prior to use with nanopure water and acetone, followed by a 30s immersion in concentrated nitric 

acid, and then rinsed with nanopure water. CdTe was deposited onto the Au substrate first at a 

potential of -700 mV for 15 min using the same codeposition solution describe above. The flow 

rate was kept at 2 mL/min for the entire process. The CdS E-ALD was performed using the 
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CdTe/Au as the working electrode. There are 8 steps in one defined E-ALD cycle in this 

experiment. The four steps for Cd deposition includes: Step 1). flow in CdSO4 solution at -600 

mV for 10 s. Step 2). quiescent deposition of Cd for 10 s at -775 mV. Step 3). flow in acidic 

blank solution for 10s to rinse out excess Cd
2+

 ions. Step 4). flow in basic blank solution for 10 s 

at -775 mV to prepare the pH environment for the entering of sulfide ions. The subsequent 4 

steps for S deposition includes: Step 5). flow in Na2S for 10 s at -775 mV. Step 6). quiescent 

deposition of Na2S for 10 s at -300 mV. Step 7). flow in basic blank solution for 10 s at -300 mV 

to rinse out excess sulfide ions. Step 8). flow in acidic blank solution for 10 s at –300 mV to 

prepare the pH environment for the entering of Cd
2+

 for the next cycle. The flow rate for all the 

flowing cycles is kept at 11 mL/min. 

Results and Discussion 

In the substrate configuration CdS/CdTe/Au, due to the high transparency nature of CdS 

thin films, there was no obvious change in appearance after CdS was deposited onto CdTe/Au. 

The stoichiometry of the CdTe film on Au is measured prior to the deposition of Au using 

EPMA and shows Cd/Te ratio of 0.97. The composition of the resulting film is measured using 

EPMA. The composition of the resulting CdS/CdTe film is subsequently measured and the 

results show a Cd/(Te+S) ratio of 0.97, suggesting that both the CdTe and the CdS thin films 

have an optimal ratio. The thickness of the CdTe layer is measured to be ~50 nm using 

spectroscopic ellipsometry and CdS layer ~10 nm. X-ray diffraction is also performed on the 

CdS/CdTe/Au film, as show in Figure 5.1. The pattern shows a single CdTe <111> peak and a 

single CdS <111> peak. The CdS thin film crystal structure is consistent with the CdS thin film 

deposited on clean Au. The CdTe film with its <111> structure matches well with the lattice 
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structure of CdS, and acts as a good substrate for CdS growth. The CdTe peak has a higher 

intensity compared with CdS due to a higher film thickness and thus larger plane to diffract X-

ray. The spectrum shows a good separation of the CdTe and CdS peak and this could give some 

insight into the level of Cd interlayer diffusion at the interface. 

Because no front contact layer was deposited, the photoresponse of the CdS/CdTe p-n 

junction cannot be measured directly. Thus a solution/CdS/CdTe/Au environment was used to 

characterize the photoelectrochemical response. Figure 5.2 is the I-V curve of CdS/CdTe/Au in 

methyl viologen solution under 1 sun illumination with AM 1.5 filter. The illuminated area was 

0.283 cm
2
. A p-type response was observed in the I-V scan, which is expected for a good p-n 

junction with a matching redox couple. The minimum dark current suggested low defect density 

and few trap states. The fact that the photocurrent curved upward instead of downward as the 

potential was scanned negative was an indication of a low Fill Factor. But in this measurement, 

the Fill Factor was largely affected by the bandgap alignment between the deposit and the 

solution interface. The Fill Factor may be improved if a more suitable redox couple was adopted. 

In the superstrate configuration, AFM and SEM images of the CdTe/CdS/ITO/Glass 

structure were taken and shown in Figure 5.3 and Figure 5.4, respectively. Both images showed 

similar compact grainy structure. The photoelectrochemical performance of the 

Au/CdTe/CdS/ITO/Glass was yet unable to determine due to instrumentation limitations. More 

efforts are on the way to build a setup for cell performance characterization. 

Conclusion 

This study focused on the fabrication of CdS/CdTe photovoltaic device with both 

superstrate and substrate configuration. In the superstrate configuration, the ITO substrate was 
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patterned with 1x1 mm
2
 squares using photolithography to separate the 2 cm

2
 area into many 

individual cells. CdS thin film was deposited onto the patterned ITO using methods decribed in 

chapter 4. CdTe thin film was deposited onto CdS/ITO using pulse plating atomic layer 

deposition. Finally a Au was layer was  electrochemically deposited onto the CdTe/CdS/ITO as 

the back contact. In the substrate configuration, CdTe was deposited onto Au substrate using 

cdepostion at -700 mV for 15 mimniutes. CdS was deposited onto CdTe/Au using E-ALD with 

Cd depostion of -775 mV and S potential of -500 mV. The stoiochimetry of CdTe was measured 

with EPMA to be 1:1, and after CdS deposition, the Cd to (S+Te) was measured again with 

EPMA with 1:1, suggesting good stoichimetry with both films. XRD diffraction was taken for 

the CdS/CdTe/Au configuration to show CdTe zinc blend <111> structure and CdS <111> 

structure. Photoelectrochemistry measurement of the CdS/CdTe/Au configuration in methyl 

viologen solution under 1 sun with AM 1.5 filter showed p-type response, which is expected for 

a p-n junction in an appropriate redox couple solution.  
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Figure 5.1: Illustration of the process of making CdS/CdTe/Au using CdTe codeposition and 

CdS E-ALD technique. The pictures from left to right are: clean Au substrate, CdTe on Au after 

15 min of codeposition at -700 mV, CdS on CdTe/Au after 50 cycles of deposition (Cd potential 

= -775 mV; S potential = -500 mV). 
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Figure 5.2: I-V curve of  CdS/CdTe/Au in methyl viologen solution under 1 sun illumination 

with AM 1.5 filter. The illuminated area was 0.283 cm
2
.  



 

119 

 

 

Figure 5.3: AFM topography image of the CdTe/CdS/ITO/Glass. The image area is 4.14 µm. 
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Figure 5.4: SEM image of the CdTe/CdS/ITO/Glass with acceleration voltage of 10 keV. The 

image area is 4.14 µm. 
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CHAPTER 6 

ULTRA THIN AU DEPOSITION ON TRIPLE JUNCTION AMORPHOUS SILICON 

SOLAR CELL
5
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Abstract 

Triple junction amorphous Si solar cell (TJSC) is an ideal photovoltaic for solar water 

splitting, as it provides a large potential output. However, the front contact ITO layer of a TJSC 

is unstable in a basic environment needed for oxygen evolution. This chapter investigates the 

deposition of an ultra-thin Au protective layer on ITO using electrochemical reduction and 

surface limited redox reaction (SLRR). SLRR is where an atomic layer of a sacrificial metal is 

exchanged for a more noble metal at open circuit. An ultra-thin Au layer was successfully 

deposited onto the ITO surface and the coverage increases linearly with respect to the number of 

cycles performed until a plateau was reached and a complete Au layer was formed. SEM shows 

that the Au exists on the surface as small particles and covers the entire surface evenly with no 

clumps. The Au-coated TJSC put out a constant potential in a pH 13 solution for an hour, which 

is a significant improvement from the unprotected TJSCs. 

Introduction 

In the last decades, numerous efforts have been made to reduce the use of non-renewable 

fossil fuels as the world’s main energy supply. One possible solution is to use photovoltaics to 

convert sunlight into electricity to power everyday lives. Another possible option could be 

burning hydrogen instead of fossil fuels as they are the cleanest and lightest fuels possible. 

Hydrogen is a storable fuel that can be used to generate power for transportation and grid-scale 

energy storage
1-3

. An area where these two efforts meet is photoelectrochemical driven water 

splitting. Water splitting mimics the photosynthetic process within a leaf that converts the energy 

of sunlight into chemical energy by splitting water to produce hydrogen gas and oxygen gas: 

2H2O→2H2+O2. The free energy for this reaction is ΔG = +237 kJ per mol of H2 or ∆E
0
 = 1.23 
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V under standard state conditions
4
. To successfully drive this reaction and to compensate for the 

voltage drop in the light absorbers, a total voltage of 1.6-1.7 V must be generated
5
. This research 

topic dates back to the 1970s
6-7

 and has regained considerable interest during recent years 

because of the development in tandem and multi-junction solar cells
8-10

. Triple junction 

amorphous silicon cells (TJSCs) are a promising candidate as their open circuit voltage can 

exceed 2 V. Many studies have been done using triple junction amorphous silicon cells as the 

photovoltaic for photoelectrochemical driven water splitting
11-13

.  

The use of a catalyst is required to the photosynthetic process as the electron-hole pairs 

are generated one at a time and the water splitting process is a four electron-hole process. Since 

2010, there have been significant efforts to replace noble-metal electrocatalysts (e.g. GaAs and 

GaInP)
13

 with those made from less expensive elements. Different reactions take place in the 

photoanode and cathode, thus different catalyst is required. Typical catalyst used in oxygen 

evolution is RuO2, NiCoO4, NiLa2O4, etc
4, 14-15

. The catalyst that is going to be applied to the 

TJSC is a Ni-based material according to our collaborator Dr. Syed Mubeen from the University 

of Iowa. 

During the artificial photosynthesis process, the photovoltaic can either be used as an 

external power supply to power an electrolyzer where water splitting happens, or to be combined 

with the eletrolyzer system into one integrated unit, where the internal electric field in the solar 

cell drives the reaction and water splitting occurs on the surface of the solar cell. The second 

setup not only reduces the instrument size, but also increases the efficiency by using a very low 

current density on the electrode. As the photovoltaic is in direct contact with the electrolyte 

solution, the stability of the photovoltaic becomes a crucial factor in evaluating the performance 
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of the system. TJSC utilizes a tandem-stacked design that not only put out a high voltage, but 

also allows for the optimization of the different layers of the cell to absorb different parts of the 

solar spectrum
13

. TJSCs typically use stainless steel as the back contact and a transparent 

conducting oxide (TCO) layer as the front layer to allow light to pass through. The sunlight 

enters the TJSC and generates a voltage sufficient to split water. Oxygen is produced at the 

anodic TCO surface following the oxidation reaction: 4OH
- 
→ O2+ 2H2O+ 4e

-
. This suggests 

that a basic electrolyte solution environment facilitates the evolution of oxygen. However, as one 

of the most commonly used TCO layer, Indium-Tin-Oxide (ITO) is prone to corrosion in a basic 

environment. ITO is an n-type semiconductor with a bandgap between 3.5–4.3 eV. It usually 

consists of In2O3 with 10 wt% SnO2
16

. Thus, an extra protection layer is needed to protect the 

ITO layer from corrosion from the electrolyte. The protection layer should firstly be transparent 

thus to allow light to pass through the cell. Secondly the layer should be conductive so that the 

electron-hole pairs generated in the cell can move to the surface. Thirdly, the protection layer 

should be compatible with the photocatalyst that grows on the surface and provide good adhesion. 

An ideal protection coating would be an ultra-thin precious group metal that is transparent and 

conductive. This chapter is focused on the idea of depositing an ultra-thin Au layer on TJSC 

using electrochemical reduction and surface limited redox replacement (SLRR). This study 

shares the same idea with Chapter 4 in terms of ITO reduction for the purpose of forming some 

sacrificial In metal, which could later be exchanged for a more stable metal. Pt nanofilms on Au 

has been successfully deposited using SLRR
17

. SLRR is where an atomic layer of a sacrificial 

metal is exchanged for a more noble metal at open circuit
18-20

. The driving force for SLRR is the 

metal reactivity difference between the two elements, where a more reactive metal can reduce 

the ionic form of a more noble metal to its elemental state. In this study, the sacrificial is 
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obtained from electrochemically reducing ITO to small and dispersed In metal, which upon 

flowing in Au
3+

, reduces the Au
3+

 to Au. The indium metal is oxidized to In
3+ 

and flushed out 

from the system, leaving a fraction of a monolayer of Au on the ITO surface. This process is 

repeated until the surface is completely covered with Au and no ITO is exposed.  

Experimental 

The Au solution was 0.1 mM AuCl3 (Sigma-Aldrich) in 18 MΩ nanopure water. The pH 

was measured 3.2 without any adjustments. The Cu solution was 0.5 mM CuSO4 (J.T.Baker) in 

0.5 M NaClO4, pH 3. The precursor concentrations were in the mM range because only a 

fraction of a monolayer (ML) of deposition is desired in each step. A monolayer (ML) in this 

study is defined as one adsorbate atom per Au atom. The pH 3 acidic blank consisted of 0.5 M 

NaClO4 and were used to rinse cell of any precursor left with the same pH. The pH 13 basic 

blank solution also consisted of 0.5 M NaClO4 and was used to mimic the basic working 

environment for water splitting catalyzing process. All solutions were made using 18 MΩ 

nanopure water filtered through Millipore Advantage 10. The substrates used were commercially 

available triple junction amorphous solar cell, provided by Dr. Mubeen from the University of 

Iowa. The TJSC substrates were cut, etched and cleaned with the following procedure before 

sent to the author. 

1. Cut large sheet of TJ-Si into 2x2 cm pieces.  

2. Etch the cut edges with concentrated phosphoric acid by placing a thin bead of 

phosphoric acid along the edges, 1 mm or less in width. Let it sit for 30 min, then rinse 

the edges with DI water.  

3. Clean the etched samples by sonicating for 10 minutes in each of the following: 1% 

Alconox, acetone, isopropanol, DI water 
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4. Dry with clean dry nitrogen gas 

All electrochemical experiments were performed using an automated flowcell system 

(Electrochemical ALD, L.C., Athens, GA). Solution bottles were connected to a distribution 

valve, which controls the species flowing into the cell. The solutions were pumped through the 

distribution valve to a flowcell, of which the potential was measured by a potentiostat. The pump 

and potentiostat were automated using a program developed in-house named Sequencer. The 

auxiliary electrode used was a gold wire embedded in the cell wall and the reference electrode 

was 3 M Ag/AgCl (BASi, West Lafayette, IN). The exposed electrode area was 0.32 cm
2
, as 

defined by a quarter-inch diameter green donut shaped tape. The flow rate was kept at 11 mL/ 

min for solution exchange. Cyclic voltammetries (CVs) were performed at a scan rate of 10 

mV/s, with the solution flowing at 2 mL/ min. Prior to all experiments, nitrogen gas was flown 

into the system to purge away all the oxygen gas in the bottles and in the tubes.  

Results and discussion 

Figure 6.1 depicts a window opening of a clean TJSC in pH 3 blank solution. No obvious 

reduction was observed until the negative potential limit was pushed to -900 mV, where the 

indium oxide was reduced to metallic indium. In the positive-going scan, a prominent oxidation 

peak was observed starting at -650 mV, corresponding to indium re-oxidation to Indium (III). As 

the negative potential limit was pushed more negative, a hysteresis loop was observed, indicating 

a typical nucleation and growth process. The size of oxidation peak in the reverse scan also grew 

as more nucleation and growth took place. The idea of the reduction process in this study was to 

create a minimum amount of In necessary to Au SLRR process, without changing the nature of 

the ITO layer. Thus, a conservative potential of -900 mV was chosen for the reduction of ITO. 

The reduction time was determined 10 s based on past experience from chapter 4. 



 

127 

 

After the reduction, Au solution was flown in for SLRR. This process was repeated 

multiple times until a full coverage was achieved. Figure 6.2 describes the process of a complete 

cycle. The black and red curves correspond to the potential and current, respectively. The cycle 

started with 10 s of quiescent reduction at -900 mV, followed by 10 s Au exchange at a flow rate 

of 11 ml/min at open circuit, then the flow stopped and the substrate was left in the Au solution 

for another 170 s, after which 10 s of blank solution was pumped into the cell at 11 ml/min to 

prepare the environment for the next cycle. No potential was applied in a cycle except for the 

first 10 s. 

One way to quantify the presence of Au on the surface is by scanning a CV in pH 3 blank 

solution and integrating the oxidation and reduction peak. Figure 6.3(a) depicts the CV on TJSC 

after Au SLRR, compared with a regular Au slide (Figure 6.3(b)) used in chapter 2. Both CV 

exhibited the same shape, as expected for an Au covered surface. As the oxidation potential was 

push more positive, the reduction peak at -800 also increased. 1400 mV was shown to be too 

extreme for the TJSC and lead to the broken-down of the substrate. Thus reduction at the 1300 

mV scan was used to determine the Au coverage and the number is calculated to be 1.12 ML. 

This number is a rough estimated because the layer structure is Au on ITO instead of Au on Au, 

thus the 220 µC/e*cm
-2

 assumption during calculation is not entirely accurate. However, the scan 

did prove the existence of an Au layer on the surface and the substrate showed much higher 

stability during the scan compared with an untreated TJSC. Figure 6.4 depicts the CV of an 

untreated TJSC in pH 3 solution. An abnormal oxidation peak was observed in the negative-

going scan and the current dropped back to 0 when the initial OCP was reached. This oxidation 

current is possibly the oxidation of the amorphous Si underneath the ITO. The substrate showed 
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cracking and delamination after the CV, with the stainless steel layer exposed. This behavior was 

not observed with the Au-coated TJSC, suggesting a much higher stability. 

A second method was used to quantify the Au coverage by using Cu solution. Cu is 

known to form UPD on metal surfaces such as Au, but not on metal oxide surfaces such as ITO. 

Figure 6.5 is the window opening of Cu solution on (a) regular Au slide and (b) 10 cycles Au-

coated TJSC. The shapes of the 2 CVs are not exactly the same, but they represent the same 

behavior. In both CVs, the reduction peak at 200 mV represents the UPD formation of Cu on Au, 

and the oxidation peak at 300 mV represent the stripping of UPD Cu from Au. The constant 

current at negative potentials corresponds to the bulk deposition of Au, and the oxidation peak 

with the onset potential of 0 mV is the stripping of bulk Cu. In both cases, no bulk stripping peak 

was observed when the potential was reversed at 0 mV. All Cu was stripped when potential 

reached 400 mV. Thus, by stepping between 400 mV and 0 mV, UPD amounts of Cu was 

stripped and deposited. 0 mV is the E
0
 of bulk Cu formation and stripping and can allow the 

maximum amount of UPD Cu formation. Because UPD Cu can only form on Au surface, not on 

ITO surface, the UPD Cu coverage can correlate with the Au coverage and give insights into 

what fraction of the TJSC is coated with Au. 

Figure 6.6 shows the example of a current density-time trace of stepping between 400 

mV and 0 mV in Cu solution. The black and red curves represent a regular Au slide and an 18 

cycle Au coated TJSC. The positive spikes correspond to stepping to 400 mV, and negative 

spikes 0 mV. The initial step was to 400 mV to make sure that the surface is free of any Cu 

deposit. Each time the current went through an exponential decay and leveled off at a value close 

to 0 A, which confirmed that the deposition is of UPD nature, instead of bulk. The reduction 
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peaks are integrated and average was taken for the 3 steps on each of the substrates. The Cu 

coverage was 1.17 ML on Au slide and 1.23 ML on Au coated TJSC. The Au coated TJSC has 

slightly more Cu coverage, which could be due to the roughened surface of TJSCs. 

TJSC with different cycle numbers of Au coating were made and Cu coverage was 

determined on each deposit. The coverage is an average of 3 depositions at 0 mV. Figure 6.7 

depicts the Cu coverage with respect to the cycle numbers. A linear trend was observed from 0 

all the way to 18 cycles. After 18 cycles Cu coverage stopped increasing and plateaued at 1.2 

ML, which is expected for a completely coated rough surface. 

To test the stability of the Au-coated TJSC, an 18-cycle deposit was immersed in pH 13 

blank solution and the open circuit potential was recorded. A cellphone flashlight was used to 

illuminate the cell every 5 min for the initial 30 min and at 50 min. The recorded open circuit 

potential is depicted in Figure 6.8. The dark (with room light) open circuit potential drifted 

slightly negative during this entire process. The author did her best in positioning the flashlight 

to achieve a strong and consistent illumination. The illuminated (with flashlight) open circuit 

potential is consistent during the 50 min process, with a small decrease in the final illumination. 

This has shown that the Au-coated TJSC has a relatively high stability in a strong basic 

environment. 

SEM was used to characterize the surface morphology of the untreated TJSC and the 

TJSC after Au coating and is shown in Figure 6.9. The untreated TJSC has large grains on the 

surface with small textures on each grain. After the Au coating, there is no major change in the 

morphology of the surface, but tiny bright spots can be seen all over the surface following the 



 

130 

 

morphology of the original TJSC surface. No pits or dent was observed from reducing the ITO. 

EDS results in Figure shows the atomic percent of Au on the surface is 

Conclusion 

A thin layer of Au has been successfully coated on triple junction amorphous Si solar 

cells using electrochemical reduction and surface limited redox replacement. The Au coverage 

on the surface increases as the cycle number increases and eventually plateaued after reaching a 

full monolayer. The Au layer covers the TJSC surface evenly with no visible defects under SEM. 

The Au-coated TJSC is stable in pH 13 solution for over an hour. Future studies can be done on 

characterizing the PEC performance of the Au-coated TJSC for catalyst attachment and water 

splitting. The Au exchange duration in the cycle can potentially be shortened to reduce the effect 

of acid etching on ITO during deposition. Different metals such as Pt, Ru can also be tested for 

best results. 
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Figure 6.1: Window-opening of TJSC in pH 3 blank solution. The electrode area is 2.1 cm
2
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Figure 6.2: Potential-current-time trace of one complete Au deposition cycle. The black lines 

represent the potential, and the red curves are the corresponding current. The cell is filled with 

Au solution in between the time scale of the two vertical black lines, and blank outside the black 

lines. The electrode area is 0.32 cm
2
. 
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(a) 

 

(b) 

 

Figure 6.3: (a) Window-opening of 10-cycle Au coated TJSC in pH 3 blank solution. The 

electrode area is 0.32 cm
2  

(b) Window-opening of a regular Au slide in pH 3 blank solution. The 

electrode area is 2.1cm
2
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Figure 6.4: Cyclic voltammetry of an untreated TJSC in pH 3 blank solution. The electrode area 

is 2.1 cm
2
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Figure 6.5: window opening of Cu solution on (a) 10 cycles Au-coated TJSC and (b) regular Au 

slide  
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Figure 6.6: current density-time trace of stepping between 400 mV and 0 mV in Cu solution. The 

black and red curves represent a regular Au slide and an 18 cycle Au coated TJSC. 
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Figure 6.7: Cu coverage with respect to the cycle numbers 
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Figure 6.8: OCP-time trace of an 18-cycle deposit was immersed in pH 13 blank solution 
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Figure 6.9: SEM of an untreated TJSC and 10 cycles Au-coated TJSC. 
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CHAPTER 7 

CONCLUSION AND FUTURE STUDIES 

The focus of this dissertation was the growth of CdS thin films on substrates with 

different materials and morphologies by electrochemical atomic layer deposition (E-ALD) and 

the formation of CdS/CdTe solar cells, as well as some preliminary studies of Au ultra-thin film 

deposition on ITO surfaces. Chapter 2 investigated the growth of CdS thin films on Au over a 

wide range of conditions using E-ALD. Cyclic voltammetry was used to study the 

electrochemical behavior of Cd and S individually on Au substrate. After the possible 

deposition range was narrowed down, the dependence of film composition on Cd deposition 

potential and S deposition potential was systematically studied using electron probe 

microanalysis (EPMA). The effect of step duration on the morphology and roughness of the 

deposit surface was investigated. As the step length increase from 2.5 s to 10 s while keeping the 

total deposition time constant, flow pattern was significantly reduced and the deposit surface 

looked visually smoother. The dependence of film thickness was a function of the cycle number. 

Film thickness, measured from spectroscopic ellipsometry, was shown to be proportional to the 

number of cycles performed. The linear growth with the number of cycles was consistent with a 

layer-by-layer growth process and the surface limited reaction mechanism. The optimum 

potential range for deposition was found to be -200 to -700 mV for Cd, and -200 to -600 mV for 

S. X-ray diffraction showed the deposits to be single crystal zinc blend <111> structure. The 

calculated growth rate based on lattice constant and thickness measurement was 0.56 ML/cycle, 

consistent with the layer-by-layer mechanism. The crystallite size was calculated from Scherer’s 



 

144 

 

equation to be 32 nm. SEM images showed conformal growth of the deposits where film follows 

the morphology of the Au substrate underneath. Photoelectrochemistry measurement in methyl 

viologen solution under 1 sun with AM 1.5 filter showed the deposit to be n-type, with a very 

clean dark current, suggesting good film quality.  

In chapter 3, the E-ALD of CdS on both planar Ag films and Ag nanorods on ITO was 

investigated. The difference between CdS E-ALD on Au substrates and Ag substrate is that Ag is 

a much more reactive metal than Au. Ag oxidizes easily and can form bulk Ag2S at open circuit 

when exposed to sulfide solution. Thus the potential for CdS E-ALD on Ag must be carefully 

tuned. Cyclic voltammetry was used to study the electrochemical behavior of Cd and S 

individually on planar Ag substrate. No Cd UPD behavior was found on Ag substrate other than 

Cd-Ag alloy formation. The UPD formation of S on Ag substrate was limited to a small range 

from -750 mV to -675 mV. In the actual E-ALD process, Cd deposition potential was kept at -

600 mV, and S deposition potential was varied from -675 mV to -600 mV. EPMA measured 

sulfur-deficient deposit until the potential was pushed to -600 mV. Stoichiometric deposits were 

formed at a potential of -600 mV for both Cd and S. SEM images showed conformal coating of 

CdS on planar Ag substrates. The deposition condition was transferred to the Ag nanorods, and 

under SEM the CdS thin film followed the morphology of the nanorods can coated the points and 

ridges conformally.   

In chapter 4, the formation of CdS on indium-tin-oxide (ITO) substrate using E-ALD was 

investigated. Because of the heterogeneity nature of the ITO surface, neither S nor Cd showed 

any UPD behavior on ITO. A method was developed to pretreat the ITO substrate with 90 s pf 

reduction at -900 mV in pH 3 blank solution, and exchange the In metal formed from reduction 

with Cu
2+

, leaving the surface with a small amount of stable Cu metal as the nucleation sites for 
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CdS UPD growth. The amount of In formed was found to increase linearly with increasing 

reduction time. The In metal clusters formed preferentially at the grain boundaries, and as the 

In
3+

 dissolved from the crystal lattice and nucleated to form In, pits were formed and the In 

cluster resided right next to the pits. After Cu redox displacement with In, the excess Cu bulk 

was stripped by scanning the potential anodically from open circuit to -200 mV. E-ALD was 

performed on the pretreated ITO substrate with Cd potential at -700 mV and S potential at -400 

mV. SEM images showed that the treatment has significantly increased the number of nucleation 

site and improved the adhesion between the CdS thin film with the ITO substrate. SEM images 

taken at 5, 15, and 25 cycles showed progressive growth starting from the metal nucleation sites 

to smooth ITO surface. The Cd/S atomic ratio was determined by EDX to be 0.8, consistent with 

the S-deficient n-type CdS.  

Chapter 5 focused on the fabrication of CdS/CdTe photovoltaic device with both 

superstrate and substrate configuration. In the superstrate configuration, the ITO substrate was 

patterned with 1x1 mm
2
 squares using photolithography to separate the 2 cm

2
 area into many 

individual cells. CdS thin film was deposited onto the patterned ITO using methods decribed in 

chapter 4. CdTe thin film was deposited onto CdS/ITO using pulse plating atomic layer 

deposition. Finally a Au was layer was  electrochemically deposited onto the CdTe/CdS/ITO as 

the back contact. In the substrate configuration, CdTe was deposited onto Au substrate using 

cdepostion at -700 mV for 15 miniutes. CdS was deposited onto CdTe/Au using E-ALD with Cd 

depostion of -775 mV and S potential of -500 mV. The stoiochimetry of CdTe was measured 

with EPMA to be 1:1, and after CdS deposition, the Cd to (S+Te) was measured again with 

EPMA with 1:1, suggesting good stoichimetry with both films. XRD diffraction was taken for 

the CdS/CdTe/Au configuration to show CdTe zinc blend <111> structure and CdS <111> 
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structure. Photoelectrochemistry measurement of the CdS/CdTe/Au configuration in methyl 

viologen solution under 1 sun with AM 1.5 filter showed p-type response, which is expected for 

a p-n junction in an appropriate redox couple solution.  

Chapter 6 focused on the deposition of an ultra-thin Au layer on triple junction 

amorphous solar cells. This is work is an extension of chapter 4 in terms of ITO reduction and 

inert metal redox exchange at open circuit. This method is not limited to Cu or Au, any metal 

that is more stable than In should theoretically work, but it depends on the function of the inert 

metal itself. Future studies can be done on characterizing the PEC performance of the Au-coated 

TJSC for catalyst attachment and water splitting. The Au exchange duration in the cycle can 

potentially be shortened to reduce the effect of acid etching on ITO during deposition. Different 

metals such as Pt, Ru can also be tested for best results. 

Future work will be focused on two major aspects. The first is the extension of chapter 3. 

The E-ALD growth of CdS on Ag nanorods has been optimized. Nanostructured electrode 

materials are attractive for their unique electrical
1-2

, photocatalytical
3
 and optical properties

4
 and 

have found applications in energy
5-6

, environment
7-8

, and electronics
9
. The unique structure of 

Ag nanorods should present interesting applications. Photoresponse of CdS on planar Ag 

substrates and on Ag nanorods can be measured and compared. The use of Ag nanorods is 

expected to enhance the light absorption and charge collection of thin layer photocatalysts such 

as CdS. Combining chapter 2 and 3, CdS formation on Au nanorods can also be studied as an 

extension of chapter 2. The dependence of light absorption enhancement on the length and 

density of nanorods, and on the thickness of the CdS layer thickness can be investigated. Such 

study is helpful for developing real-world applications such as hydrogen evolution and water 

splitting using semiconductor photocatalysts on metal nanorods structures. 
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The second focus should be the further development of a good performance CdTe/CdS 

solar cell. On the superstrate configuration front, to reduce the likelihood of shorting from the 

back contact to the front contact, the photoresist width can be increased each time a new layer is 

put on, so that the top back contact layer has a minimum chance to pass through the CdS/CdTe 

layer to reach the ITO layer. The choice of back contact material can also be explored, due to the 

high price tag of Au for large scale PV production. Mo is a popular back contact metal for 

CdS/CdTe solar cells because it is inexpensive, conductive and is not too mobile to diffuse into 

the CdS/CdTe layers.  Another optimization is the Cl treatment for CdTe solar cell. Cl treatment 

is known to improve the performance of CdTe/CdS solar cells, although the reason is still 

unclear. Annealing of the substrate and the thin film may also improve the structure of the 

deposit, leading to a better performance. Investigating such treatments is an essential step for 

fabricating a high efficiency CdTe/CdS solar cell. 
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