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ABSTRACT 

Semiconductors show quantization effects when their physical dimensions are 
less than the Bohr radius for an exciton in the material. Controlling the physical size of 
materials can be used to tune the material properties. The length scale at which these 
effects begin to occur range from 3 to 70 nm for typical semiconductors (groups IV, III-
V, II-VI). In my research group, we have developed an analog of atomic layer epitaxy, 
the electrochemical atomic layer epitaxy (EC-ALE). In electrochemistry, surface limited 
reactions are generally referred to as under potential deposition. An atomic layer of one 
element can frequently be electrodeposited on a second at a potential under that needed to 
deposit the element on itself, and this process is referred to as under potential deposition 
(UPD).  EC-ALE is the use of UPD for the surface limited reactions in an ALE cycle. 
This provides atomic level control in stoichiometry, thickness and facilitates 2-D growth 
of the material. This makes EC-ALE a good candidate to form thin films, superlattices, 
and nanowires, where the compound deposited is modulated on the nanometer scale. In 
the following chapters, I have reported my research in the electrodeposition of III-V 
compound semiconductor InAs, In2Se3, Cu2Se, PbSe, PbTe and PbSe / PbTe superlattice 
thin films by EC-ALE. Strong quantum confinement effects were observed in InAs, 
PbSe, and PbTe thin films formed by EC-ALE. PbSe / PbTe strain layered superlattice 
thin films with 2nd order Bragg diffraction peaks and different periodicities is reported 
and the first attempt to form semiconductor nanowires by ECALE, using the template 
electrodeposition is also reported.  
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Chapter One 

Introduction and Literature Review 
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The dimensions of semiconductor devices continue to decrease in size and nanoscale 

control in the deposition of semiconductors is required. Atomic layer control of the 

deposition of semiconductors was developed by Suntola et.al 1,2.   ALE is based on the 

formation compounds a monolayer at a time, using surface limited reactions. Surface 

limited reactions are used to control the growth rate and morphology. ALE offers greater 

control over deposit structure than methods based on controlling reactant fluxes for all 

elements simultaneously.  

Control of growth at the nanometer level is a major frontier of material science. Unique 

properties can be achieved by manipulating the unit cell.  By construction of superlattices 

3-11, nanowires 12-36 and nanoclusters 36-43, and by forming nanocrystalline materials 42,44-

54, the fundamental electronic structure, optical properties, of a semiconductor, its 

bandgap, can be engineered.  That is, the wavelengths emitted or absorbed by a 

compound can be adjusted over a broad range of wavelengths. By direct analogy with the 

quantum mechanical model of a particle in a box, we know that the smaller the box 

containing an electron, the further apart its energy levels.  This translates directly for 

some semiconductor structures, the smaller the thickness of the layers or the dimensions 

of a particle, the larger the resulting bandgap. This effect is generally known as quantum 

confinement 12,55-61. Superlattices are examples of nano-structured materials 11,62, where 

the unit cell of the material is artificially manipulated in one dimension.   By alternately 

depositing thin films of two materials, a material is created with a new unit cell, defined 

by the superlattice period, the thickness of one layer each of the component compounds. 

For e.g, an 80 period superlattice of 4PbSe / 4PbTe is made by alternating 1 period (4 

layers of PbSe, 4 layers of PbTe) up to 80 periods. Changing the number of layers within 
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a period of the superlattice will change its optical properties and diffraction peaks. The 

periodicity H of a superlattice can be determined from the difference between the angle 

of satellite peak ∆ (2θ) and Bragg diffraction peak 63 

 

 H = 57.3 λ / ∆ (2θ) Cosθ 

 

Recent developments in the frontiers of materials science are regarding the formation of 

quantum dots, quantum wires and superlattices. Quantum confinement effects are 

exhibited by semiconductors 9, ceramic and magnetic materials 11. In the case of a 

semiconductor, when a photon is injected onto the material, an electron and a hole are 

generated. This electron-hole pair revolves in the lattice with a particular radius and this 

is called the Bohr radius of the semiconductor (a0). Typical Bohr radii value for some of 

the semiconductors is shown in table 1.1. When the dimension (x, y, and z) of the 

semiconductor material is less than that of the Bohr radius, the electron-hole pair is 

confined in the lattice. Thin films (z< a0) exhibit 1-D quantum confinement; nanowires 

(x=y < a0, z – several microns) exhibit 2-D quantum confinement etc. Some of the 

semiconductors that have large Bohr radius values are InAs, InSb, PbSe, PbTe, PbS and 

HgS. IV-VI compound semiconductors like PbSe, PbTe and PbS, have small and equal 

electron and hole masses (mh = me) compared to III-V or II-VI compound 

semiconductors, which enables large confinement energies to be split equally between the 

carriers and they exhibit better confinement effects compared to InSb, InAs or HgS 

12,55,61,64-67. Hence, the IV-VI compound semiconductors in particular will exhibit strong 



 4

quantum confinement, i.e, the band gap of the quantum confined material will be larger 

compared to the bulk value of the lead chalcogenides (0.2 – 0.3 eV).  

The primary methodologies for forming thin film materials, quantum dots and 

superlattices with atomic level control are molecular beam epitaxy (MBE) 67-70, vapor 

phase epitaxy (VPE) 71,72, and a number of derivative vacuum based techniques 67,73. 

These methods depend on controlling the flux of reactants and the temperature of the 

substrate and reactants. The growth temperature in MBE and VPE is an important 

variable and deposits formed even at moderate temperatures (200-500 °C), result in 

interdiffusion of the component elements.  Where the intent was to form a superlattice, 

the interfaces blur 74, resulting in a material that is more of an alloy. Frequently, the 

integrity of a junction determines the quality of the device. 

Single bath or Co-deposition 

One of the standard methods for compound electrodeposition is co-deposition, where a 

set reduction potential or current density is applied to a single solution containing 

precursors for all the elements in a compound 13,16,75-105. Literature in the co-deposition of 

II-VI, and III-V semiconductors is large, and a recent review by Stickney 106-108 is an 

excellent source of references on both co-deposition and electrochemical atomic layer 

epitaxy. Post deposition annealing or the use of precursors in co-deposition was generally 

required to adjust stoichiometry, crystallinity, and the phase formation.  

Template based electrochemical synthesis of semiconductor nano-structures has been 

investigated in several research laboratories. Those studies generally involved 

electrodeposition into commercial template membranes 12,109-113. The first example 

appears to be that of Sailor and Martin, where a nanoelectrode array based on an 
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anodized aluminum membrane was used to form an array of nano diode wires, based on 

the compounds CdSe and CdTe 13. A unique compound electrodeposition methodology, 

sequential monolayer electrodeposition (SMED), was used. SMED is based on a cyclic 

potential program and a single solution. The potential program was designed to improve 

stoichiometry in the deposits by stripping excess Se each cycle 114. 

Co-deposition of superlattices made up of semiconductors 11,101,115-117, ceramic 11,118 and 

magnetic materials 10,11,14,118-125 have been pursed in various laboratories. In particular, 

semiconductor superlattices electrodeposited by co-deposition suffers from limitation of 

control over stoichiometry and alloy formation during deposition process. 

Electrochemical atomic layer epitaxy 

Electrodeposition is generally performed near room temperature, avoiding problems with 

interdiffusion and mismatched thermal expansion coefficients.   In my research group, we 

have developed an analog of atomic layer epitaxy, the electrochemical atomic layer 

epitaxy (EC-ALE) 126,127. In electrochemistry, surface limited reactions are generally 

referred to as under potential deposition 128-131. An atomic layer of one element can 

frequently be electrodeposited on a second at a potential under that needed to deposit the 

element on itself, and this process is referred to as under potential deposition (UPD).  EC-

ALE is the use of UPD for the surface limited reactions in an ALE cycle. This provides 

atomic level control in stoichiometry, thickness and facilitates 2-D growth of the 

material. This makes EC-ALE a good candidate to form thin films, superlattices, and 

nanowires, where the compound deposited is modulated on the nanometer scale.  

The following experimental methodologies and instrumentation were used in the 

electrodeposition and characterization of compound semiconductor thin films by EC-
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ALE: cyclic voltammetry in the flow cell, automated flow deposition system, 

ellipsometry, atomic force microscopy, X-ray diffraction and infrared reflection 

absorption measurements.  

Cyclic voltammograms were performed in the flow cell to identify the deposition 

potentials of each element. Films were typically deposited on gold substrates as follows:  

The cell is filled by a pump from a reservoir containing an electrolyte solution of the 

element of interest (Pb). A surface limited amount of the element is deposited at -0.300 

V.  The cell is then rinsed with a blank electrolyte solution and filled with another 

electrolyte solution of the next element (Se). A stoichiometric amount of this element is 

then deposited on the previous element at -0.300 V and the cycle repeated. In the case of 

PbTe, an atomic layer of Te is deposited at -0.4 V and Pb is deposited at -0.3 V. The 

layers of PbSe and PbTe are alternated to form a superlattice. The films were 

characterized using electron probe microscope analysis (EPMA), atomic force 

microscopy (AFM) and X-ray diffraction. The optical properties of the films were studied 

via infrared absorption measurements. 

Hardware 

Figure 1.1 is a schematic diagram of a basic electrochemical flow deposition systems 

used for electrodepositing thin-films using EC-ALE, showing the solution reservoirs, 

pumps, valves, electrochemical cell, potentiostat, and computer.  A number of 

electrochemical cell designs have been tried.  A larger thin-layer electrochemical flow-

cell is now used 8,132, with a deposition area of about 2.5 cm2, and a cell volume of 0.1 

mL, resulting in a hundredth the volume/cycle.  The cell includes an Au coated indium 

tin oxide (ITO) auxiliary electrode, as the opposite wall of the cell from the working 
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electrode, allowing observation of the deposit during growth, as well as providing an 

optimal current distribution.   

Villegas et al. used a wall-jet configuration, with very good results, in the formation of 

CdTe deposits on Au 133.  The quality of their deposits appear equivalent to those recently 

produced by this group, with the thin-layer flow-cell.  A wall-jet configuration has also 

been used by Foresti et al., in their studies of thin-film growth using EC-ALE on Ag 

electrodes 134,135.  

The pumps used in the flow system in Figure 1.1 are standard peristaltic pumps (Cole 

Parmer).  The main requirement for the pumps is that they are clean.  If smoother 

pumping is required, pulse dampening, or syringe pumps could be used. Foresti et al. 

have used pressurized bottles, without pumps, to deliver solution 134,136. In Figure 1.1, 

there is one pump for each line, to push solution through the cell.  Villegas et al. used a 

single pump on the outlet to suck each solution into the cell, in an elegant simplification 

137.  There are a number of vendors that sell solenoid actuated Teflon valves, which are 

easily interfaced to a computer.  Care must be taken to choose a design where the internal 

volume at the valve outlet can be flushed easily between steps, however 138.  Rotary 

selection valves have been used as well, but given the number of rotations needed for a 

200 cycle deposit, various failure modes reveled themselves.  

As the deposition of most of the relevant atomic layers involves reduction at relatively 

low potentials, oxygen has proven to be a major problem.  It has been shown repeatedly 

that oxygen not rigorously excluded results in thinner deposits, if they are formed at all.  

For this reason, extensive sparging of the solution reservoirs is critical. Sparging alone is 

generally not sufficient to prevent problems with oxygen, as most tubing has some 
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oxygen permeability.  To better avoid this problem, the solution delivery tubes were 

threaded through larger ID tubes and into the Plexiglas box (Figure 1.1) that houses the 

pumps and valves.  The sparging N2 was made to flow out of the solution reservoirs, 

through the large ID tubes (around the outside of the solution delivery tubes) and into the 

box, greatly decreasing oxygen exposure. The measured oxygen content of the N2 leaving 

the Plexiglas box was 10 - 30 ppm, as measured with a glove box oxygen analyzer 

(Illinois Instruments, model 2550). 

Substrates 

The majority of deposits formed in this group have been on Au electrodes, as they are 

robust, easy to clean, have a well characterized electrochemical behavior, and reasonable 

quality films can be formed by a number of methodologies.  However, Au it is not well 

lattice-matched to most of the compounds being formed by EC-ALE.   

Some deposits have been formed on Au single crystals. However, single crystals are too 

expensive to use in forming larger deposits, and have to be recycled.  A number of 

disposable substrates have been investigated, so that the deposits can be kept around. The 

first deposits were made on cold rolled gold foil, which proved too expensive, and 

polycrystalline after etching.  Au vapor deposited on Si(100) at room temperature was 

used extensively, as the films were more reproducible and resembled Au mirrors.  On the 

nanometer scale, however, the films consisted of 40 nm hemispheres. Au vapor deposited 

on mica at 300-400o is known to form large (111) terraces 139-144.  Several attempts to use 

these films in the flow-cell resulted in delamination, due to the constant rinsing.  

Presently, Au on glass is being used to form most of the deposits in the flow-cells.  These 

substrates are microscope slides, etched in HF, coated with 3 nm of Ti, and then 600 nm 
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of Au, at about 400o 145-147.  The deposits do not, in general, show as many large terraces 

as Au on mica, however they are orders of magnitude better then Au on Si.  To improve 

terrace sizes, the substrates are annealing in a tube furnace at 550o for 12 hr with flowing 

N2.  In addition, substrates are given a brief fame anneal, in the dark with a H2 flame to a 

dull orange glow, prior to use.   

Some Cu substrates have been used, including Cu foils, etched foils, and vapor deposited 

Cu on glass 132,147.  There does not appear to be a significant difference in the quality of 

deposits formed on Cu vs. Au, beyond that expected to result from considerations of 

lattice matching.   

Single crystal silver substrates have been used exclusively by Foresti et al. 134-136,148. They 

use macroscopic Ag single crystals, formed in house. They have formed a number of II-

IV compounds using EC-ALE, including: ZnSe, CdS, and ZnS.     

Semiconductors such as polycrystalline ITO on glass have been used to form deposits of 

ZnS 149, CdS and CdTe, by this group.  Ideally, lattice matched semiconductor substrates 

could also be used to form deposits 10.  For instance, InSb is lattice matched with CdTe, 

and could be used as a substrate.  The problems involve adequately preparing the 

substrate surfaces, and understanding the electrochemistry of a compound semiconductor 

substrate 150,151. Present research in our group is focused on using InP single crystal 

electrodes as substrates for compound semiconductor electrodeposition. 

Compound semiconductors, superlattices and nanowires formed by EC-ALE 

The first paper on electrodeposition of compound semiconductor thin films by EC-ALE 

152 was thin layer electrochemical studies of Cd and Te on poly crystalline Au, Pt and Cu. 

Gregory et.al 126,127 studied the conditions needed to from  II-VI compound 
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semiconductor CdTe on polycrystalline Au electrode, using the ECALE method. Surface 

studies on the formation of III-V compound semiconductor GaAs in ultra high vacuum 

by EC-ALE 153-155 were performed. Surface studies were also performed on atomic layers 

of Te 156. The structure of CdTe formed after the deposition Cd on Te atomic layers 157 

was analyzed using surface techniques in ultra high vacuum. Thin layer electrochemistry 

on the formation of CdS was reported by colletti 158 and the first automated flow 

deposition system to for thin films was reported by Huang 138. II-VI compounds such as 

CdTe 126,159-162, CdS 126,160,163-165, ZnSe136 and CdS / HgS superlattices164 have been 

successfully formed using by EC-ALE, as well as some III-V compounds: GaAs154,155, 

InAs145, InSb8 and superlattices of InAs/InSb8.  

The first project I worked on during my graduate research, was regarding the 

optimization of the deposition potentials for In and As to promote 2-D growth and 

stoichiometry of the InAs deposits. Initial studies using thin layer electrochemical cell in 

the deposition of CuInSe2 thin films was reported by Herrick 166. In chapters 3 and 4, I 

will briefly discuss the progress and problems encountered towards the formation of 

CuInSe2 thin films by EC-ALE. Torimoto et.al. reported the quantum confinement in thin 

films of ZnS167, CdS168, and PbS169 grown by EC-ALE. We have also reported the 

quantum confinement of PbSe170 and PbTe 171 thin films grown by EC-ALE. The first 

attempt to electrodeposit semiconductor nanowires by EC-ALE is discussed in chapter 4. 

The formation of quantum confined semiconductor thin films of PbSe, PbTe and PbSe / 

PbTe superlattices by EC-ALE is also reported in chapters 5-7. 
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Figure 1.1: Schematic of the automated flow deposition system. 
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Table 1.1: Bohr radii of semiconductors 

Compound 
Band Gap, 
eV 

Lattice Constant, 
nm 

Interatomic 
Distance,nm 

Au Lattice 
Mismatch, % 

Bohr 
Radius, 
nm 

Au  2.86 4.29   
GaAs 1.43 5.653 3.997 6.83 14
GaSb 0.69 6.095 4.31 -0.47 23.3
InP 1.28 5.8687 4.15 3.26 9.5
InAs 0.36 6.058 4.284 0.14 35.5
InSb 0.17 6.4787 4.581 -6.78 69
ZnS        3.6-3.8   a 3.814, c 6.257 3.814 11.10 1.7
ZnSe 2.58 5.667 3.823 10.89 2.8
ZnTe 2.28 6.101 4.314 -0.56 4.6
CdS 2.53   a 4.136, c 6.713 4.136 3.59 3.1
CdSe 1.74   a 4.299, c 7.010 4.299 -0.21 6.1
CdTe 1.5 6.477 4.58 -6.76 6.5
HgS 2.5     
HgSe -0.15 6.086 4.303 -0.30  
HgTe 0 6.42 4.568 -6.48 39.3
PbS 0.37 5.936 4.197 2.17 20
PbSe 0.26 6.124 4.33 -0.93 46
PbTe 0.29 6.46 4.568 -6.48  
SnTe 0.18 6.328 4.475 -4.31  
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Chapter 2 

Potential Dependence of InAs formation by EC-ALE at room temperature1 

                                                 
1 Vaidyanathan R, Wade T.L, Happek U and Stickney J.L, Electrochemical Processing in 

ULSI Fabrication III, Electrochemical Society Proceedings, Vol. 2000-8, 41-52 (Used by 

permission). 
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Abstract 

Electrodeposition of InAs was carried out at room temperature using EC-ALE. The 

dependence of deposit stoichiometry, thickness and morphology on the potentials used to 

deposit Indium and Arsenic were studied. Deposits were characterized using XRD, 

EPMA, ICP-MS, and AFM. Infrared Absorption measurements were performed to 

determine the band gap of the material. 

Introduction 

III-V compound semiconductors and superlattices are widely used for applications in 

electronic and opto-electronic devices. Atomic level control in the epitaxial growth of 

these materials is desired for the formation of high quality electronic devices. Techniques 

such as molecular beam epitaxy (MBE)1, and metal organic chemical vapor deposition 

(MOCVD)2 are some of the methods used for the epitaxial growth of III–V materials like 

GaAs, InAs and InSb. All the above techniques are carried out at high temperatures and 

involve the use of hazardous materials during deposition. Some of current issues are 

formation of strain-layered deposits, lattice mismatch with substrate, and interdiffusion 

between layers. Electrodeposition has received some attention during the few decades for 

the successful formation of II-VI and III-V compounds, with some processes reaching 

commercial applications, such as photovoltaics. Electrodeposition is a low-temperature, 

low-interdiffusion process and is thus appealing for formation of compound 

semiconductors. One of standard methods in electrodeposition is co-deposition3-5, where 

a set reduction potential or current density is applied to a single solution containing 

precursors for all the elements involved in the compound. III-V compounds formed by 

co-deposition from aqueous or nonaqueous solutions are GaAs6-9, InSb10-11, InP12-14, and 
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InAs15-17. Post anneal treatment of the deposit is generally required to obtain 

stoichiometry and phase formation. Atomic layer epitaxy (ALE) offers greater control 

over deposit structure. ALE is a method of forming thin films of materials one atomic 

layer at a time, using surface limited reactions to control the growth rate and morphology. 

Our group is developing the Electrochemical analog of Atomic Layer Epitaxy (ALE) to 

form compound thin films, EC-ALE18-22. Surface limited reactions are well known in 

electrochemistry and are referred to as under potential deposition (UPD)25. UPD is the 

deposition of a monolayer or less of an element at a potential prior to bulk deposition. 

UPD is used in EC-ALE to form compounds one atomic layer at a time. II-VI compounds 

such as CdTe18,20-21, CdS22-23, and ZnSe24 have been successfully formed by ECALE. 

Some III-V compounds like GaAs26-27, and InAs28 have been explored by this technique. 

Initial studies in deposition of InAs by ECALE have been reported28. This report focuses 

on better understanding of deposition conditions in EC-ALE formation of InAs. 

Experiment 

An automated electrochemical flow system for EC-ALE was used for the deposition of 

InAs thin films and has been described elsewhere19,20. In2(SO4)3 (Alfa Aesar; Ward Hill, 

MA) 0.3mM, pH of 3.0, As2O3 (J. T. Baker; Phillipsburg, NJ) 2mM, pH of 4.5 were used 

for deposition. The solutions were made up of 0.1M NaClO4 (Fisher Scientific, 

Pittsburgh, PA) and buffered with 50mM CH3COONa•3H2O (J. T. Baker; Phillipsburg, 

NJ). The supporting electrolyte and buffer were used as a blank (pH 3.0). Solution pHs 

were adjusted with sulphuric acid. All chemicals are reagent grade or better. Solutions 

were made with water from nanopure water filtration system (Barnstead; Dubuque, IA), 

fed by a house-distilled water line.  
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An electrochemical thin layer flow cell was used for deposition28. The working electrode 

was Au vapor deposited on glass, and annealed at 550°C for 12 hrs. This created a 

predominantly Au(111) substrate. All potentials were measured relative to an Ag/AgCl 

reference electrode (Bioanalytical Systems, Inc.; West Lafayette, IN). Transparent 

Indium tin oxide (Delta Technologies, Limited; Stillwater, MN) was used as an auxiliary 

electrode. The cell was filled with the solution of the element of interest and a surface 

limited amount was deposited by controlling the potential. The cell was then rinsed with 

blank and filled with the solution containing the precursor for the next element. A 

stoichiometric amount of this element was deposited on atomic layer of the previous 

element to complete one cycle. This cycle was repeated to form the deposit. 

Results and discussion 

The starting potentials in the deposition program were determined from the cyclic 

voltammograms of each element (Fig 2.1). Potential of –0.325 V for Arsenic UPD and –

0.4 V for Indium UPD were identified for the InAs cycle. After a few cycles, the 

deposition stopped, because the initial deposition potentials, chosen for Au surface, were 

no longer optimal for forming atomic layers on the forming compound. It was determined 

that stepping the potentials more negative by 10 – 25 mV each cycle during deposition 

(Fig 2.2) was needed to maintain formation of ML (monolayer) each cycle. After 25 

cycles, steady state potentials of –0.675 V for arsenic and –0.775 V for Indium were 

adopted to form the rest of the deposit. Ellipsometry measurements were made to 

determine the thickness of the deposit. Figure 2.3 shows the variation of thickness 

(monolayer/cycle) and stoichiometry with with the arsenic steady state deposition 

potentials at constant steady state indium deposition potentials of –0.775 V. Thickness 
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drops off at arsenic potentials positive of  –0.625 V. Between –0.625 V and –0.775 V, the 

deposits get thicker and deposition is close to one monolayer (ML) per cycle. At 

potentials negative of –0.775 V the thickness drops, where bulk deposition of arsenic 

would be expected. EPMA results indicated that more than 1 mL/cycle was deposited in 

this potential regime. Roughening of the deposits was observed by optical microscope 

and ellipsometric measurements were made assuming that deposits were smooth and flat. 

Apparently, these assumptions are no longer valid accounting for the low ellipsometric 

thickness readings. EPMA measurements of deposits made between potentials  –0.625 V 

and –0.675 V gave a arsenic to indium atomic ratio of 1.3. ICPMS data showed that the 

atomic ratio of Arsenic to Indium was closer to 1.1. Figure 2.4 shows the variation of 

thickness (monolayer/cycle) and stoichiometry at different steady state indium deposition 

potentials at a constant arsenic steady state deposition potential of –0.675 V. The plateau 

region extends from –0.750 V to –0.800 V, where less than a ML/cycle is deposited. At 

potentials positive of –0.750 V, there is the expected drop in deposit thickness and at 

potentials negative of –0.800 V more than a ML/cycle is deposited as bulk indium begins 

to form. EPMA indicates constant arsenic to indium atomic ratio of 1.3, between –0.750 

V and –0.800 V. Figure 2.5a shows AFM image of gold vapor deposited on glass at 400 

C and then annealed in a hydrogen-oxygen flame prior to imaging. Large flat Au terraces 

(250nm) in diameter are observed. Fig 2.5b shows an AFM image of a 200 cycle InAs, 

deposited on an annealed Au on glass substrate. The deposit formed appears reasonably 

conformal with the substrate and some smooth crystallites are found on the surface of the 

deposit. Glancing angle X-ray diffraction for a 200 cycle InAs film (arsenic at -0.675 V, 

indium at –0.775 V) is as shown in Figure 2.6. The deposit was 63 nm thick. Diffraction 
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maxima for InAs are evident, as are maxima for Au29. Elemental Indium and Arsenic 

peaks are absent, suggesting compound formation. Infrared absorption measurements 

were performed to determine the band gap of the material. Since the films are grown on a 

gold substrate, transmission measurements were not possible.  Reflection measurements 

were made using a variable angle reflection rig in conjunction with a Bruker 66v FTIR 

spectrometer, equipped on a cooled InSb detector. The incident angle of the p-polarized 

radiation was set to the Brewster angle, where the reflectance of parallel-polarized light is 

zero. The band gap (Fig 2.7) was estimated from absorption measurements by plotting 

(αhυ)2 versus hυ, with α being the experimentally determined absorption co-efficient and 

hυ the energy of infrared radiation30. The analysis gave a film bandgap of 0.36 eV 

consistent with literature values. In figure 2.8, left is an AFM image of flame annealed 

Au on glass and the right image indicates the 50 – 100 nm crystallites of Au in the un-

annealed Au on glass substrate. InAs was electrodeposited on a substrate (figure 2.9) that 

had annealed Au on the left and un-annealed Au on the right. Absorption measurements 

indicated that the band gap of InAs blue shifted on un-anealed Au on glass. This is an 

example of quantum confinement due to small crystallites of the semiconductor on an un-

annealed substrate. 
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Figure 2.1. Cyclic voltammograms of vapor deposited Au on glass in: (a) 2.0 mM As2O3 , 

0.5 M NaClO4, 50 mM CH3COONa, pH 4.5 (b) 0.3 mM In2(SO4)3 , 0.5 M NaClO4 , pH 

3.0. Both voltammograms started at 0.2 V and scanned negative at 0.005 V/s. 
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Figure 2.2. First 25 cycles of potential step up program for InAs electrodeposition. 
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Figure 2.3. Graph of coverage/cycle and arsenic/indium ratio as a function of the arsenic 

deposition potential. The indium deposition potential was kept at –0.775 V. 
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Figure 2.4. Graph of coverage/cycle and arsenic/indium ratio as a function of the indium 

deposition potential. The arsenic deposition potential was kept at –0.675 V. 
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Figure 2.5. AFM images a) Au vapor deposited on glass at 400 °C and annealed in a tube 

furnace and hydrogen-oxygen flame prior to imaging. b) 200 cycles InAs 

electrodeposition, on annealed Au on glass. 
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Figure 2.6. Grazing incidence angle diffraction pattern for InAs electrodeposited on Au. 

The glancing incidence angle was 0.5°. 
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Figure 2.7. Infrared absorption data graphed as absorbtivity versus energy for 200 cycles 

of InAs electrodeposited on Au. 
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Figure 2.8. AFM image of annealed and un-annealed Au on glass substrate. 
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Figure 2.9. Infrared absorption measurements of InAs electrodeposited on annealed and 

un-annealed Au on glass substrate. 



 45

 

 

Chapter 3 

Electrodeposition of Cu2Se Thin Films by Electrochemical Atomic Layer  

Epitaxy (EC-ALE)2. 

                                                 
2 Vaidyanathan R, Mathe M.K, Sprinkle P.R, Cox S.M, Happek U and Stickney J.L, MRS 

Fall Proceedings, Boston 2002, Vol. 44, M5.34 (Used by permission). 
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Abstract 

Electrochemical atomic-layer epitaxy (EC-ALE) is an approach to electrodepositing thin-

films of compound semiconductors.  It takes advantage of underpotential deposition 

(UPD), deposition of a surface limited amount (a monolayer or less) of an element at a 

potential less negative than bulk deposition, to form a thin-film of a compound--one 

atomic layer at a time.  Ideally, the 2-D growth mode should promote epitaxial 

deposition. 

We report the formation of compound Cu2Se, at room temperature by electrochemical 

atomic layer epitaxy (EC-ALE). Cyclic voltammograms were used to determine the 

deposition potentials of each element. An automated deposition program was used to 

form 750 cycles of Cu2Se thin films. Electron probe microanalysis was done to determine 

the stoichiometry of the thin films. X-ray diffraction of the 200 cycle deposit indicated 

the presence of polycrystalline Cu2Se. The atomic ratio of Cu/Se in the thin films was 

found to be 2. Band gap of the thin films were determined by reflection absorption 

measurements. The band gap of the 200 cycle Cu2Se films was found to be 1.6 eV. X-ray 

diffraction of 350 and 750 cycle Cu2Se films, indicated the deposits consisted of Cu3Se2 

and Cu2Se.  

Introduction 

Electrodeposition of II-VI compounds such as CdTe and chalcopyrite semiconductors 

CuInSe2 (CIS) has been studied for many years 1-4 and high efficiency photovoltaics, for 

instance, have been produced commercially.  The standard compound electrodeposition 

methodology, co-deposition, involves the use of a single solution, containing oxidized 

precursors for all the elements involved in the compound.  The deposit is formed by 
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reduction at a set potential or current density 5-7.  However, reports of the 

electrodeposition of Cu2Se have been few, and have generally involved post-

electrodeposition annealing or high temperature electrodeposition to produce the 

compound.   CIS has also been formed by sequential evaporation and heat treatment of 

In2Se3 and Cu2Se layers 8-15. Cu2Se has been formed by co-deposition 16-19 and has also 

been reported to deposit with CuInSe2 during electrodeposition 20, 21, and it has also been 

used as a precursor for the formation of CIS. Post anneal treatment of the deposit is 

generally required to obtain stoichiometry and phase formation 17.  

As electrodeposited Cu2Se showed XRD peaks due to mixed phases of Cu3Se2 in the 

deposit and required post annealing and high temperature deposition. This highlights a 

major problem with compound electrodeposition: the need to maintain stoichiometry and 

form a phase pure material. 

Recently, the electrochemical analog of atomic-layer epitaxy (ALE) has been developed 

to form compound thin films 22-28. ALE refers to a methodology developed in the mid 70s 

for the formation of compounds an atomic layer at a time, using surface limited reactions 

29-31. Surface limited reactions encourage layer-by-layer growth, and thus epitaxial 

deposition.  Surface limited reactions are well known in electrochemistry and are referred 

to as underpotential deposition (UPD) 32-34. By selecting a potential prior to (under) that 

needed to deposit an element on itself, an atomic layer of the element can frequently be 

formed on a second element.  Electrochemical ALE then involves using these 

underpotentials to form individual atomic layer of the elements making up a compound, 

using a cycle.  Different solutions and potentials are used for each element then they are 

alternated in a cycle.  The cycle is repeated to achieve the desired deposit thickness.  
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The main benefit of electrochemical ALE is that it breaks the deposition process into a 

series of controllable steps, each of which can be optimized individually.   The degrees of 

freedom available in compound electrodeposition are thus expanded, allowing the growth 

of materials that may not have been possible using conventional co-deposition 

methodologies. 

Experimental 

Most of the hardware used in the present study has been described in previous articles 23, 

24. The deposition was carried out using an automated flow system, which consists of a 

series of solution reservoirs, computer controlled pumps, vales and a potentiostat. The 

system is contained within a nitrogen purged plexiglas box to reduce the influence of 

oxygen during electrodeposition. A thin-layer electrochemical flow cell, designed to 

maintain laminar flow was used for the deposition. The electrochemical cell consists of 

Au working electrode, Au coated indium tin oxide (ITO) auxiliary electrode and 

Ag/AgCl/3 M reference electrode (Bioanalytical systems, Inc., West Lafayette, IN).  

The following solutions were used: Cu2SO4 solution (Alfa Aesar, Ward Hill, MA): 0.1 

mM Cu, with a pH of 5.5, buffered with 50.0 mM sodium citrate (J.T.Baker). SeO2 

solution (Alfa Aesar, Ward Hill, MA): 0.2 mM Se, 50.0 mM CH3COONa.3H2O, with a 

pH of 5.5. A pH 5.5 rinse solution was used as well. The pH values of all solutions were 

adjusted with H2SO4 (Fischer Scientific, Pittsburgh, PA). The supporting electrolyte was 

0.1 M NaClO4 (Fischer Scientific, Pittsburgh, PA). Solutions were made with water from 

a nanopure water filtration system (Barnstead, Dubuque, IA), fed by an inline house 

distilled water system. All chemicals were reagent grade or better. 



 49

Substrates were glass micro slides onto which a thin 3 nm film of Ti was first vapor 

deposited, followed by 700 nm of Au. The substrates were annealed in the deposition 

chamber at 400 °C for 12 hrs before vapor deposition. The substrates removed from the 

chamber are dipped in hot nitric acid and rinsed with nanopure water. The substrates 

were annealed using a H2 flame and then cleaned in hot nitric acid and rinsed with 

nanopure water before use. The surface was composed of crystallites with atomically flat 

terraces as large as 300 nm, observed with an atomic force microscope (AFM) 

(NanoScope III; Digitial Instruments; Santa Barbara, CA).   

Films were deposited on the substrates as follows:  The cell was filled by a pump from a 

reservoir containing an electrolyte solution of the element of interest.  A surface limited 

amount (~0.4 monolayer) of the element was deposited at a set potential.  The cell was 

then rinsed with a blank electrolyte solution and filled with another electrolyte solution of 

the next element.  A stoichiometric amount of this element was then deposited on the 

previous element and the cycle repeated. 

Ellipsometric measurements were performed using a sentech SE 400 (Micro Photonics, 

Inc., Allentown, PA). Absorption measurements were performed using a variable angle 

reflection rig in conjunction with a Bruker 66v FTIR spectrometer equipped with Si 

detector. Glancing angle x-ray diffraction patterns were acquired on a Scintag 

diffractometer (Co source) equipped with a thin film attachment. Electron probe 

microanalysis studies were performed using a Joel JXA-8600 super probe. 
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Results and Discussion 

From voltammetry (figure 3.1), a program using –0.1 V for Cu UPD and –0.2 V for Se 

UPD was suggested for the Cu2Se cycle.  In practice, the program worked for the first 

few cycles, but then the currents died out.  This is understandable, considering that the 

potentials were chosen for deposition on an Au surface, not for deposition of the elements 

on the compound.  The cycle was sequentially stepped more negative during the 

deposition by 10mV per cycle.  After about 10 cycles final deposition potentials of 

–0.2 V for Cu and –0.3 V for Se were used for the rest of the deposit.  Ellipsometric 

measurements (Sentech SE 400; Micro Photonics Inc.; Allentown, PA) were used to 

determine the thickness of the deposits. 

Figure 3.2 is a glancing angle X-ray diffraction pattern for a 200, 300 and 750 cycle 

Cu2Se film.  In  figure 3.2A the diffraction maxima for Cu2Se are evident, as are maxima 

for Au. The widths of the diffraction maxima suggest that the Cu2Se crystallites are a few 

nanometers.  The factors controlling deposit grain size are the subject of ongoing studies, 

but the lattice mismatch is probably a contributing factor.  Electron microprobe analysis 

(EPMA) reveals that the 200 cycle Cu2Se films are stoichiometric (Se/Cu ~2).   

Figure 3.2B and figure 3.2C show the evolution of Cu3Se2 phase in the thin film as a 

function of the deposition cycle. The thin films of 350 and 750 cycles essentially consist 

of mixed phases of Cu2Se and Cu3Se2. This may be due to the deposition of excess Cu 

than required to react with Se to form Cu2Se. Phase transformation of Cu2Se to Cu3Se2 17 

is possible, but was not observed for 200 cycle deposits. The 200 cycle deposits were 70 

nm thick. 
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Reflection absorption measurements (figure 3.3) were performed on the 200 cycle Cu2Se 

films to determine the band gap of the obtained material.  Since the films are grown on a 

gold substrate, transmission measurements were not possible.  Reflection measurements 

using a variable angle reflection rig in conjunction with a Bruker 66v FTIR spectrometer 

equipped with a cooled MCT detector were made.  The band gap was estimated from the 

absorption measurements by plotting (α hν)2 versus hν, with  α being the experimentally 

determined absorption coefficient and hν the energy of the infrared radiation. The 

analysis gave a band gap1.6 eV for the 200 cycle deposit. 

Stoichiometric In2Se3 thin films have been formed by EC-ALE and have been reported 

earlier 35. Formation of CuInSe2 by alternate deposition of Cu2Se and In2Se3 is feasible if 

deposition potentials of the three elements are close enough so that In does not strip 

during the deposition of Cu 36, 37. Initial cycles for the deposition of CIS were attempted 

by using the UPD potentials of -0.3 V for In, -0.2 V for Cu and -0.2 V for Se. Microprobe 

analysis indicated that the CIS deposits were rich in Cu (Cu: In: Se ~ 3:1:2). At the 

potentials used for deposition of Cu and Se atomic layers, In is removed from the deposit 

and results in a Cu rich film. Investigation is underway to use a strong complexing agent 

for Cu, the potential for Cu deposition will be shifted to -0.3 V. Se deposition potential 

could be adjusted by changing the pH of the solution. For the formation of ternary 

compound CIS by EC-ALE, we need to form stoichiometric Cu2Se and In2Se3 atomic 

layers and the deposition of single phase Cu2Se atomic layers at room temperature by 

EC-ALE, eliminates the use of high temperature deposition and post annealing treatments 

and indicates the flexibility for atomic level control of CIS formation.  
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Figure 3.1. Voltammogram of a Au electrode in 0.1 mM Cu2SO4, 50 mM sodium citrate 

solution, pH 5.5. 
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Figure 3.2. Glancing angle XRD pattern of A) 200 cycle B) 350 cycle C) 750 cycle 

electrodeposited Cu2Se. 
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Figure 3.3. Infrared absorption measurements for a 200 cycle Cu2Se deposit 

electrodeposited on annealed Au on glass substrate. 
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Chapter 4 

Formation of In2Se3 Thin Films and Nanostructures using Electrochemical Atomic Layer 

Epitaxy (EC-ALE)3. 

                                                 
3 Vaidyanathan R, Stickney J.L, Cox S.M, Compton S.P, Happek U, Journal of 

Electroanalytical Chemistry, August 1, 2003 (Used by permission). 
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Abstract 

The formation of the III-VI compound In2Se3, at room temperature by electrochemical 

atomic layer epitaxy (EC-ALE) is reported here. EC-ALE involves the use of surface 

limited reactions to form atomic layers of the elements making up a compound (In and 

Se) in a cycle. In Electrodeposition, surface limited reactions are referred to as under 

potential deposition (upd), and generally result in the formation of an atomic layer of the 

depositing element. These layers are deposited alternately in a cycle, resulting in the 

formation of a one monolayer (ML) of the compound, In2Se3. Cyclic voltammograms 

were used to determine approximate deposition potentials for each element. An 

automated deposition program was used to form thin films of In2Se3, with from up to 350 

cycles. Electron probe microanalysis was performed to determine the stoichiometry of the 

thin-films. The atomic ratio of Se/In in the thin films was found to be 3/2. X-ray 

diffraction of 350 cycle films indicated the deposits contained beta phase In2Se3. Band 

gaps were determined by FT-IR reflection absorption measurements, and found to be 

1.73 eV.  Surface morphology was determined by atomic force microscopy (AFM), 

suggesting the deposits consist of 100 nm crystallites.  Deposits on rougher substrates 

resulted in still smaller crystallites, and a blue shift in the band gap, possibly due to 

quantum confinement. Photoelectrochemical measurements suggested a band gap of 1.82 

eV.  In2Se3 nanostructures were electrodeposited inside the pores (200 nm) of 

commercial polycarbonate membrane using EC-ALE. AFM images indicated that nano-

structures were higher then expected, for 200 cycles of deposition.  Studies of the Au 

vapor deposited on the membrane showed that it had ingressed into the holes, accounting 
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for most of the extra height.  Microprobe data suggested that the total coverage was 1/6th 

that observed for a thin film, consistent with the observed coverage of nanostructures. 

Keywords 

Electrodeposition, Compound Semiconductor, III-VI, Thin films, ECALE, upd, 

Nanostructures, Template synthesis, Polycarbonate membrane 
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Introduction 

III-VI compound semiconductors have received much attention in recent years for 

applications in photovoltaic and photoelectrochemical devices [1-10]. Atomic level 

control in the epitaxial growth of these materials is desired for the formation of high 

efficiency solar cells. Techniques such as molecular beam epitaxy (MBE) [11-13], vapor 

deposition [14], spray pyrolysis [15] and evaporation techniques [16-23] are some of the 

methods used for the growth of III–VI materials like In2Se3 and In2Te3. These compound 

semiconductors have been formed, by sequential evaporation of In and Se layers, 

followed by post deposition annealing at high temperatures. Chalcopyrite semiconductors 

(CuInSe2) have also been formed by sequential evaporation and heat treatment of In2Se3 

and Cu2Se layers [2, 3, 8]. Various phases of the compound In2Se3 exist and have been 

reported in previous publications [24, 25].   

Device structures composed of different materials are generally formed at elevated 

temperatures (by MBE, MOCVD…). At high temperatures, the boundaries between these 

materials blur, due to interdiffusion of the component elements, degrading the quality of 

the device. Interdiffusion is minimized for devices formed near room temperature. 

Electrodeposition is a low-temperature technique, minimizing interdiffusion, and is thus 

appealing for the formation of complex compound semiconductors structures, including 

some photovoltaics [6, 7, 9, 26-29]. One of the standard methods for compound 

electrodeposition is co-deposition, where a set reduction potential or current density is 

applied to a single solution containing precursors for all the elements in a compound. 

In2Se3 has been formed by Co-deposition [1, 30], as has CuInSe2 [29, 31]. Post deposition 
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annealing of the deposits was generally required to adjust stoichiometry, crystallinity, and 

the phase formed. 

Atomic layer epitaxy (ALE) is a method used to form compound thin films one atomic 

layer at a time.  Surface limited reactions are used to control the growth rate and 

morphology. ALE offers greater control over deposit structure then methods based on 

controlling reactant fluxes for all elements simultaneously. Our group has been 

developing the electrochemical analog of ALE, electrochemical atomic layer epitaxy 

(EC-ALE) [32-34]. Surface limited reactions are well known in electrochemistry and are 

referred to as underpotential deposition (upd) [35-39]. Upd is the deposition of an atomic 

layer of one element on a second, at a potential prior to that needed to form bulk deposits 

of the first.  Upd facilitates the formation of compounds one atomic layer at a time in EC-

ALE. II-VI compounds such as CdTe [33, 40-45], CdS[46-50], and ZnSe[51, 52] have 

been successfully formed using by EC-ALE, as well as some III-V compounds: 

GaAs[53-55], InAs[56], InSb and superlattices of InAs/InSb [57].  Initial studies for the 

development of a cycle for CuInSe2 formation [58] were reported earlier, where 

difficulties were found in starting the second cycle without stripping out In.  It was then 

decided to try and deposit Cu2Se and In2Se3, to create CuInSe2 via a superlattice of the 

two compounds.   Cu2Se was formed, but controlling the phase and stoichiometry proved 

difficult.   In this publication we report the room temperature formation of In2Se3 using 

EC-ALE. 

Template based electrochemical synthesis of semiconductor nano-structures has  been 

investigated in several research laboratories.  Those studies generally involved 

electrodeposition into commercial template membranes.  The first example appears to be 
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that of Sailor and Martin, where a nanoelectrode array based on an anodized aluminum 

membrane was used to form an array of nano diode wires, based on the compounds CdSe 

and CdTe [59].  A unique compound electrodeposition methodology, sequential 

monolayer electrodeposition (SMED), was used.  SMED is based on a cyclic potential 

program and a single solution.  The potential program was designed to improve 

stoichiometry in the deposits by stripping excess Se each cycle [60]. There have been 

several other examples of compound electrodeposition into template electrodes [61-64].  

The first attempt to electrodeposit compounds into nanotemplates using EC-ALE is 

presented here.  

Experimental 

Depositions were carried out using an automated electrochemical thin-layer flow 

deposition system, consisting of a series of solution reservoirs, computer controlled 

pumps, valves and a potentiostat. Most of the hardware used has been described in 

previous articles [56, 65]. The system is contained within a nitrogen purged Plexiglas 

box, to reduce the influence of oxygen during electrodeposition. A thin-layer 

electrochemical flow cell, designed to maintain laminar flow was used for the 

depositions, and consisted of a Au working electrode, Au coated indium tin oxide (ITO) 

auxiliary electrode and Ag | AgCl (3M NaCl) reference electrode (Bioanalytical systems, 

Inc., West Lafayette, IN).  

Solutions used include: 0.3 mM In2(SO4)3  (Alfa Aesar, Ward Hill, MA), pH 3.0, 

buffered with 50.0 mM CH3COONa·3H2O (J.T.Baker); 0.2 mM SeO2 (Alfa Aesar, Ward 

Hill, MA), pH 5.5, also buffered with 50.0 mM CH3COONa·3H2O.  A pH 3.0 rinse 

solution was used as well. The pH values of all solutions were adjusted with H2SO4 



 65

(Fischer Scientific, Pittsburgh, PA). Supporting electrolyte, 0.1 M NaClO4 (Fischer 

Scientific, Pittsburgh, PA), was added to each solution. Solutions were made with water 

from a Nanopure water filtration system (Barnstead, Dubuque, IA), fed from the house 

distilled water system. All chemicals were reagent grade or better. 

Substrates were glass microscope slides (Gold Seal products), etched in HF briefly prior 

to insertion into the deposition chamber.  The substrates were annealed in the deposition 

chamber at 400 °C for 12 hrs before vapor deposition. Thin, 3 nm thick, films of Ti were 

first vapor deposited, followed by 600 nm of Au, while the substrates were held at 400 

°C. The substrates, removed from the chamber, were dipped in nitric acid and rinsed with 

nanopure water. Prior to use, the substrates were annealed using a H2 flame (to a dull 

orange glow in the dark), cleaned again in hot nitric acid and rinsed with nanopure water.  

The templates used for electrodeposition were track etched polycarbonate membranes 

(Poretics Inc.) with an average pore size of 200 nm and 6 to 14 µm thick. Gold was vapor 

deposited at room temperature on to the back of the membrane. The template was glued 

onto a glass slide using silver paint and mounted into electrochemical flow cell described 

earlier.  

AFM studies were performed using a Nanoscope 2000 (Digital Instruments, Santa 

Barbara, CA) in the tapping mode. Ellipsometric measurements were performed using a 

Sentech SE 400 (Micro Photonics, Inc., Allentown, PA). Absorption measurements were 

performed using a variable angle reflection rig in conjunction with a Bruker 66v FTIR 

spectrometer equipped with a Si detector. Glancing angle X-ray diffraction patterns were 

acquired on a Scintag PAD V diffractometer, equipped with a 6” long set of Sola slits on 
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the detector to improve resolution in this asymmetric diffraction configuration. Electron 

probe microanalysis (EPMA) studies were performed using a Joel JXA-8600 super probe. 

Results and Discussion 

In2Se3 thin films 

The starting potentials in the deposition program were determined from cyclic 

voltammograms for each element. Potentials of -0.3 V for In (Fig. 4.1) and -0.3 V for Se 

(Fig. 4.2) were identified as reasonable potentials for upd in a cycle for In2Se3. 

The cycle involved filling the cell with the In solution at a potential of -0.3 V and holding 

the solution for 15 sec for deposition. The cell was then rinsed with the blank for 2 sec 

and filled with the Se solution, again at –0.3 V for 15 sec, for deposition.  This cycle was 

intended to form a ML of the III-VI semiconductor In2Se3.  

The deposition currents, however, decreased over the first few cycles, resulting in less 

then a monolayer of compound each cycle.  This could be the simple result of depending 

on potentials chosen for upd on Au, not for upd on the compound.  However, similar 

phenomena have been observed with most of the compound formed using EC-ALE: the 

potentials have to be shifted more negatively over the first 25-30 cycles in order to 

maintain ML/cycle deposition.  The justification for this is that some of the applied 

potential is being dropped across a growing space charge layer (SCL)/schotky barrier, 

between the Au electrode and the developing semiconductor. This would correspond to a 

very thin SCL, which should be a function of the doping in the deposit, and suggests a 

highly doped material.  Doping studies are planed, to better understand the conditions in 

the deposit. To keep the deposition charges sufficient for the formation of a full 

monolayer with each cycle, the potentials were stepped negative after each of the first 30 
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cycles (Fig. 4.3).  After 30 cycles, steady state potentials of -0.650 V for In and –0.720 V 

for Se were attained, and used to form the rest of the deposit. 

Ellipsometric measurements of 350 cycle deposits indicated that the films were 100 nm 

thick. EPMA of the deposits indicated an Se/In atomic ratio of 3/2 (standard deviation = 

0.03). Fig. 4.4 shows the X-ray diffraction patterns for a 350 cycle In2Se3 deposit. The 

peaks for the (211) and (301) planes of In2Se3 [JCPDS 20-0494] are seen as shoulders on 

the Au diffraction peaks.  No other diffraction peaks were seen for In2Se3. Given the 

intensity of the peaks, it appears the quality of the structure is not high. Prelimary raman 

studies suggested some of the material may be amorphous, and a more extensive study is 

planned. Fig. 4.5a shows an AFM image of the flame annealed Au on glass substrate, 

while Fig. 4.5b shows an AFM image of a 350 cycle deposit of In2Se3. The thin film 

consists of particles that are between 70-200 nm in diameter, which are conformal with 

the Au substrate. These results suggest 2-D growth of In2Se3 thin films. 

Fig. 4.6 shows a plot of the square of the absorption data for a 350 cycle deposit of 

In2Se3, times energy, vs. energy. The band gap for the In2Se3 deposit was estimated to be 

1.73 eV. The band gaps for In2Se3 films reported in the literature range between 1.2-1.8 

eV. The band gap from photoelectrochemical measurements (Fig. 4.7) was found to be 

1.82 eV. 

In2Se3 nano-structures 

Fig. 4.9 shows the AFM image of a polycarbonate membrane with 200 nm diameter 

pores, at randomly oriented angles to the surface. A 1µm thick Au film was deposited on 

the back, using a 45 degree angle of incidence, helping to cover the holes (Fig. 4.10). The 

cell was filled with the In precursor solution and a monolayer of the element was 
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deposited. After the deposition, the cell is rinsed with a blank solution. After the blank 

rinse, the cell was filled with the Se  precursor solution and an atomic layer was 

deposited. The cell was again rinsed with blank. This program was repeated, to form 

nano-structures inside the polycarbonate membrane. A schematic for formation of the 

nanostructures is shown in Fig. 4.8. The Au was vapor deposited onto the back of the 

membrane and electrodeposition was carried out from the top. The membrane was 

dissolved in methylene chloride solution and the nanostructures were retained on the gold 

surface. Fig. 4.11 shows an AFM image of In2Se3 nanostructures, after dissolving the 

membrane. The diameter of these structures range between 180- 200 nm. For a 200 cycle 

EC-ALE experiment, the expected deposit thickness inside a pore is 70 nm. The AFM 

shows that structures are about 1µm tall. There also appears to be extra deposition on the 

edges compared to the centers of the clusters, as indicated by a dip in the center of each 

structure, imaged with AFM.   

Initially, it was felt that the deposits were much thicker then expected, because of the 

high aspect ratio of the templates.  There may not have been sufficient time for the ions to 

diffuse in and back out during rinsing.  However, to better understand the morphology of 

the deposits, the polycarbonate membrane was dissolved from the vapor deposited Au 

film (substrate), without having deposited any compound.  The Au surface that had been 

in contact with the polycarbonate was imaged with AFM, and showed that the vapor 

deposited Au ingressed into the holes in the polycarbonate template, resulting in a ring 

with a hole in the center.  Observed nanocluster heights were revieled to be excessively 

high because of the ingressed Au.  The dips in the centers of the clusters were shown to 

simply be the result of depositing on a ring electrode (Figure 4.11).  Analysis of the 



 69

EPMA data suggested the coverages of In2Se3 for the clusters was about 1/6th that 

expected for  a thin film formed with the same number of cycles.  This is consistent with 

coverages  observed with AFM, and suggest that diffusion problems due to the high 

aspect ratio were only a minority issue. 

Conclusions 

In2Se3 thin films have been successfully formed using EC-ALE. The deposits appear to 

be composed of 100 nm In2Se3 crystallites on the Au substrate. The band gap of the thin 

film is in reasonable agreement with the bulk value. The room temperature phase, β-

In2Se3, has been formed with up to 350 cycles of deposition. Studies designed to form 

CuInSe2 by alternating layers of In2Se3 and Cu2Se are presently underway. 

Semiconductor nanoclusters have been formed using EC-ALE in the pores of 

polycarbonate membranes. Technical problems with ingression of Au into the holes in 

the polycarbonate membrane were responsible for the excessive vertical height of the 

nanoclusters, and the dips in the centers.  The high aspect ratio of these pores may have 

also caused some problems with ion exchange between steps in the EC-ALE cycle, 

possibly resulting in a small amount of co-deposition during formation of the 

nanostructures. The possibility of forming low aspect ratio template materials (30-50 nm 

diameter holes, but only and 100-500 nm tall) is being pursued.    
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Figure 4.1. Cyclic voltammogram of In on annealed Au on glass substrate in a flow cell. 

The scan rate was 5 mV s-1 and the reference electrode was BAS Ag | AgCl | 3 M NaCl (-

0.035 V vs. SCE). 
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Figure 4.2. Cyclic voltammogram of Se on annealed Au on glass substrate in a flow cell. 

The scan rate was 5 mV s-1 and the reference electrode was BAS Ag | AgCl | 3 M NaCl (-

0.035 V vs. SCE). 
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Figure 4.3. Deposition potential versus cycle number for In2Se3 electrodeposition 
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Figure 4.4. Grazing angle x-ray diffraction pattern of 350 cycle In2Se3 thin film. 
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Figure 4.5. a) AFM image of annealed Au on glass substrate. b) AFM image of 350 cycle 

In2Se3 electrodeposited on annealed Au on glass. Data scale is 125 nm. 
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Figure 4.6. Absorbance spectrum of a 350-cycle In2Se3 deposit. The band gap of the film 

was determined to be 1.73 eV. 
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Figure 4.7. Photoelectrochemical spectrum of a 350-cycle In2Se3 deposit. The 

measurements gave a band gap of 1.82 eV for the electrodeposited film. 
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Figure 4.8. Template based formation of semiconductor nanostructures on Au, by EC-

ALE. 
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Figure 4.9. AFM image of a polycarbonate membrane. The data scale is 75nm 
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Figure 4.10. AFM image of Au vapor deposited on back of the membrane. The data scale 

is 350 nm. 
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Figure 4.11. AFM image of 6 µm scan of In2Se3 nanostructures after dissolving the 

polycarbonate membrane. The data scale is 1 µm. 
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Chapter 5 

Quantum Confinement In PbSe Thin Films Electrodeposited By Electrochemical Atomic 

Layer Epitaxy (EC-ALE)4. 

                                                 
4 Vaidyanathan R, Happek U, and Stickney J.L, Electrochimica Acta submitted (2003). 
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Abstract 

Electrochemical atomic-layer epitaxy (EC-ALE) is an approach to electrodepositing thin-

films of compound semiconductors.  It is based on the use of underpotential deposition 

(UPD), the electrodeposition of a surface limited amount (a monolayer or less) of one 

element on a second, at a potential prior to that for deposition of the element on itself.   A 

compound monolayer (ML) is formed by the underpotential deposition of each element, 

in turn, an atomic layer at a time.   Knowing the thickness of a ML, this cycle can then be 

repeated a sufficient number of times to grow a film of the desired thickness. PbSe has a 

narrow band gap (0.26 eV) and is an IV-VI compound semiconductor, used in 

photodetectors, photoresistors and photoemitters in the infrared range.  This paper is a 

report of the first instance of PbSe formation by EC-ALE. The films were characterized 

using electron probe microscope analysis (EPMA) and X- ray diffraction (XRD), and the 

optical properties were studied via infrared absorption measurements. The ratio of Pb to 

Se was one, stoichiometric, via EPMA. XRD showed PbSe with the expected rock salt 

structure, and a primary (200) orientation. In adsorption studies with films grown with 10 

to 50 cycles, strong blue shifts of the fundamental absorption edge were observed, 

believed to be due to quantum confinement. 

Keywords 

Electrodeposition, Compound Semiconductor, PbSe, Thin films, ECALE, upd, Quantum 

Confinement, and XRD 
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Introduction 

Lead chalcogenide (IV-VI) semiconductors are used in photodetectors, photoresistors and 

photoemitters in the infrared range. Strong quantum confinement effects in IV-VI 

compound semiconductors are well known [1-3]. These IV-VI compound semiconductors 

have large Bohr radii (ao), 46 nm for PbSe. When the dimensions of the semiconductor 

are less than or near the Bohr radius, the optical properties of the semiconductor change 

due to quantum confinement[3, 4]. 

Molecular beam epitaxy[5-7] and chemical vapor deposition use temperature for control 

of deposition, where room temperature would be considered low temperature. One of the 

drawbacks to the use of higher temperatures is a tendency for interdiffusion between 

adjacent compounds.  The boundaries between materials blur, degrading the quality of 

the device structures [7]. Interdiffusion is minimized for devices formed near room 

temperature. Electrodeposition is a low-temperature technique, minimizing interdiffusion, 

and is thus appealing for the formation of complex compound semiconductors structures. 

One of the standard methods for compound electrodeposition is co-deposition, where a 

set reduction potential or current density is applied to a single solution containing 

precursors for all the elements in a compound. Co-deposition of PbSe have been reported 

[8-16] and post deposition annealing or the use of Cd was generally required to adjust 

stoichiometry, crystallinity, and the phase formation. 

Atomic layer epitaxy (ALE) is a method used to form compound thin films one atomic 

layer at a time.  Surface limited reactions are used to control the growth rate and 

morphology. ALE offers greater control over deposit structure than methods based 

simply on controlling reactant fluxes for all elements simultaneously. This and other 
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groups have been developing the electrochemical analog of ALE, electrochemical atomic 

layer epitaxy (EC-ALE) [17]. Surface limited reactions are well known in 

electrochemistry and are referred to as underpotential deposition (upd) [18-21]. Upd is 

the deposition of an atomic layer of one element on a second, at a potential prior to that 

needed to form bulk deposit of the first element.  Upd facilitates the formation of 

compounds one atomic layer at a time in EC-ALE.  

II-VI compounds such as CdTe [22-26], CdS [23, 24, 27-29], and ZnSe [30] have been 

successfully formed using by EC-ALE, as well as some III-V compounds: GaAs [31, 32], 

InAs [33], InSb and superlattices of InAs/InSb [34]. Torimoto et.al. reported quantum 

confinement in thin films of ZnS [35], CdS [36] and PbS [37] grown by EC-ALE. Upd of 

Pb on Se electrodes has been reported by Strelsov et.al [15]. In this paper we report 

quantum confinement in PbSe thin films electrodeposited by Electrochemical Atomic 

Layer Epitaxy. 

Experimental 

An automated electrochemical thin-layer flow deposition system was used for the 

formation of the thin films described below. The system consists of a series of solution 

reservoirs, computer controlled pumps, valves and a potentiostat. Most of the hardware 

used has been described in previous articles [33, 34, 38]. The system is contained within 

a nitrogen purged Plexiglas box, to reduce the influence of oxygen during 

electrodeposition. A thin-layer electrochemical flow cell, designed to maintain laminar 

flow was used for the depositions, and consisted of a Au working electrode, Au coated 

indium tin oxide (ITO) auxiliary electrode and Ag | AgCl (3M NaCl) reference electrode 

(Bioanalytical systems, Inc., West Lafayette, IN).  
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Solutions used include: 0.2 mM Pb(ClO4)2  (Alfa Aesar, Ward Hill, MA), pH 5.5, 

buffered with 50.0 mM CH3COONa·3H2O (J.T.Baker); 0.2 mM SeO2 (Alfa Aesar, Ward 

Hill, MA), pH 5.5, also buffered with 50.0 mM CH3COONa·3H2O.  A pH 5.5 rinse 

solution was used as well. The pH values of all solutions were adjusted with CH3COOH 

(Fischer Scientific, Pittsburgh, PA). Supporting electrolyte, 0.1 M NaClO4 (Fischer 

Scientific, Pittsburgh, PA), was added to each solution. Solutions were made with water 

from a Nanopure water filtration system (Barnstead, Dubuque, IA), fed from the house 

distilled water system. All chemicals were reagent grade or better. 

Substrates were glass microscope slides (Gold Seal products), etched in HF and rinsed 

with HNO3 briefly prior to insertion into the vapor deposition chamber.  The substrates 

were annealed in the deposition chamber at 400 °C for 12 hrs before vapor deposition. 

Thin, 3 nm thick, films of Ti were first vapor deposited, followed by 600 nm of Au, while 

the substrates were held at 400 °C. The substrates, removed from the chamber, were 

dipped in nitric acid and rinsed with nanopure water. Prior to use, the substrates were 

annealed using a H2 flame (to a dull orange glow in the dark), cleaned again in hot nitric 

acid and rinsed with nanopure water.  

AFM studies were performed using a Nanoscope 2000 (Digital Instruments, Santa 

Barbara, CA) in the tapping mode. Absorption measurements were performed using a 

variable angle reflection rig in conjunction with a Bruker 66v FTIR spectrometer 

equipped with a Si detector. Glancing angle X-ray diffraction patterns were acquired on a 

Scintag PAD V diffractometer, equipped with a 6” long set of Sola slits on the detector to 

improve resolution in this asymmetric diffraction configuration. Electron probe 

microanalysis (EPMA) studies were performed using a Joel JXA-8600 super probe. 
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Results and Discussion 

Starting potentials in the deposition program were determined from cyclic 

voltammograms for each element. Potentials of -0.2 V for Pb (Fig. 5.1) and -0.2 V for Se 

(Fig. 5.2) were identified as upd potentials for the deposition of PbSe on the Au 

substrates. 

The cycle involved filling the cell with the Pb solution at a potential of -0.2 V and 

depositing Pb for 15 secs. The cell was then rinsed with blank for 2 sec, followed by 

filling with Se solution at –0.2 V, and holding for 15 sec without flow. Se ions were then 

rinsed from the cell with blank for 2 sec. This cycle was intended to form a ML of the IV-

VI semiconductor PbSe and was repeated to form PbSe thin films. The definition of a 

compound monolayer is somewhat ambiguous.  However, in the present case, PbSe 

crystallizes in the rock salt structure, with a predominate (200) orientation, as will be 

shown below.  The thickness of a monolayer would then be half of the thickness of the 

PbSe unit cell (a = 0.6124 nm).  This is just an approximation, dependent on the surface 

roughness of the substrate and the degree of polycrystallinity in the deposit.  Overall, 

deposit quality has proven to be similar as long as the deposited amounts do not exceed a 

monolayer/cycle, however the deposition rate will be maximized, the closer to a 

monolayer/cycle that can be maintained. Exceeding a monolayer/cycle generally results 

in 3D growth, obvious after 200 cycles with the eye, or optical microscopy.  

In the present study, deposition currents decreased over the first few cycles, resulting in 

less then a ML of compound/cycle.  Presently, this appears to be due to differences in the 

underpotentials for the elements on Au vs. on each other, needed to form the compound.  

Similar potential shifts during the first cycles appear to be required to deposit thin films 
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of most of the compounds formed via EC-ALE [38]. In the present study, small negative 

potential shifts were used for the first 10 cycles in order to maintain a deposition rate 

close to a ML/cycle. Experience has shown that potential shifts tend to decrease 

exponentially for the first 10 to 30 cycles, depending on the compound.  These changes 

appear to be due to a decrease in the driving force for deposition, the underpotentials, the 

thicker the deposit gets, relative to UPD of the elements on the Au substrates. However, 

the closer the potentials get to the formal potentials for the reversible element, Pb in this 

case, steady state potentials can be maintained.  Steady state potentials are obtained in the 

present case after about ten cycles.  An alternative justification for these potential 

changes, suggested by this group, involves dropping some of the applied potential across 

a growing space charge layer (SCL), or schottky barrier, between the Au electrode and 

the growing semiconductor thin film.  However, given the extremely thin films present 

by the point where steady state potentials are achieved, it is unrealistic to think that a 

space charge layer has been fully developed [39].  

To keep the deposition charges sufficient for the formation of a full monolayer with each 

cycle, the potentials were stepped negative after each of the first 10 cycles (Fig. 5.3).  

After 10 cycles, steady state potentials of -0.3 V for Pb and –0.3 V for Se were attained, 

and used to form the rest of the deposit. 

Pb is referred to here as the reversible element, as its coverage is directly dependent on 

the potential, prior to bulk deposition, or the formal potential for the element, it deposits 

in a truly surface limited equilibrium.  While Se, is actually deposited at an overpotential, 

as it is irreversibly deposited.  Thus Se deposition is not a truly surface limited reaction.  

However, experience has shown that the majority of the Se needed to form a compound 
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ML deposits rapidly on the previously deposited Cd atomic layer, while subsequent Se 

deposition is much slower and can be controlled by using low concentrations and short 

deposition times. Some extra Se, a fraction of a monolayer, may deposit, but this appears 

to quantitatively react with Pb, as will be shown below.   

ICP-MS measurements of a 50 cycle thin film deposit showed it to be 22 nm thick and 

the stoichiometry was 1:1 (standard deviation = 0.01). EPMA of the deposits indicated a 

Se/Pb atomic ratio of 1/1 (standard deviation = 0.01). Fig. 5.4 shows the X-ray diffraction 

patterns for the 50 cycle PbSe deposit. X-ray diffraction peaks, correspond to the rock 

salt structure, were recorded, including peaks for the (200), (111), (222), (400) and (311) 

planes of PbSe [JCPDS 20-0494], along with peaks for the Au substrate, the (111) most 

prominent. Elemental peaks for Pb and Se are absent.  The number and relative intensities 

of the PbSe peaks suggest a nearly polycrystalline deposit, although the (200) was 

somewhat prominent.  Fig. 5.5 shows an AFM image of a 50 cycle deposit of PbSe on 

flame annealed Au on glass substrate. The thin film consists of crystallites that are 300 

nm in diameter and 2-D growth, suggesting a deposit relatively conformal with the Au 

substrate [33, 40]. These results suggest 2-D growth of PbSe thin films. 

Fig. 5.6 shows a plot of the square of the absorption data for 5, 10, 15, 25, and 50 cycle 

deposits of PbSe. The bulk value of the band gap for PbSe is 2100 cm-1. The band gaps 

measured for the 30 and 50 cycle deposits are blue shifted to 8500 cm-1 and 8000 cm-1 

respectively. We observe a strong blue shift in the band gap even for the thick film, 50 

cycle, apparently due to quantum confinement. For the 5, 10, 15 and 20 cycle films, the 

absorption was insufficient in the range of the IR spectrometer used, for an accurate 

measurement of the bandgap, which was shifted into the visible.  The band gap of the 
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materials is directly related to the thickness or the number of cycles of the deposit [36, 

37]. Simple calculations showed that a 50 cycle PbSe deposit must be 16 nm thick for an 

atomic layer growth each cycle and the band gap must be 1 eV. IC-PMS results (22nm) 

suggest that the deposit is thicker than theoretical value. This may be due to the fact that 

the Se deposition potentials are in the over potential region as described earlier and we 

may have a 3-D growth, even though AFM results do not show any 3-D growth of the 

deposit and optimization of the deposition potentials for Pb and Se is required. 

Conclusions 

A series of stoichiometric PbSe thin films have been electrodeposited using 

electrochemical atomic layer epitaxy, as shown using XRD, on Au on glass substrates. 

Strong quantum confinement, even for a 50 cycle PbSe thin film deposit, was observed. 

The band gap for the 50 cycle deposit was a factor of 4 greater then that for the bulk 

deposit, and those for the thinner were even greater, shifted into the visible.  The 

monolayer/cycle growth provided by EC-ALE is a very attractive candidate for 

controlling the growth and optical properties, via quantum confinement, of PbSe thin 

films. 
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Figure 5.1. Cyclic voltammogram of a Au electrode in a pH 5.5 solution containing 0.2 

mM Pb(ClO4)2, 50 mM CH3COONa and 0.1 M NaClO4. Scan rate 5 mV/sec 
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Figure 5.2. Cyclic voltammogram of a Au electrode in a pH 5.5 solution containing 0.2 

mM SeO2, 50 mM CH3COONa and 0.1 M NaClO4. Scan rate 5 mV/sec 
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Figure 5.3. Graph of change in deposition potential of Pb and Se versus cycle number  
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     Figure 4. Vaidyanathan et.al 

 

 

 

 

Figure 5.4. X-ray diffraction of a 50 cycle electrodeposited PbSe thin film. Angle of 

incidence is 1°, Cu Kα source.  
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Figure 5.5. AFM of a 50 cycle electrodeposited PbSe thin film on annealed Au substrate. 

The scan size is 1µm and the data scale is 50 nm. 
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Figure 5.6. Absorption spectrum of a) 10 cycle b) 15 cycle c) 20 cycle d) 30 cycle and e) 

50 cycle electrodeposited PbSe thin film. 
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Chapter 6 

Electrodeposition of quantum confined PbTe Thin Films by Electrochemical Atomic 

Layer Epitaxy (EC-ALE)5 

                                                 
5 Vaidyanathan R, Happek U, and Stickney J.L, Journal of Crystal Growth  

submitted (2003). 
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Abstract 

Electrochemical atomic-layer epitaxy (EC-ALE) is an analog to atomic layer epitaxy, to 

electrodeposit thin-films of compound semiconductors.  It takes advantage of 

underpotential deposition (UPD), a surface limited reaction in electrochemistry, to 

deposit one monolayer or less of an element at a potential less negative than bulk 

deposition, to form a thin-film of a compound--one atomic layer at a time. PbTe is a 

narrow bandgap semiconductor (Eg = 0.29 eV) and is an important thermoelectric 

material. We report the electrodeposition and quantum confinement of PbTe thin films by 

EC-ALE. The films were characterized using electron probe microscope analysis 

(EPMA), x- ray diffraction (XRD), atomic force microscopy (AFM) and the optical 

properties of the films were studied via infrared absorption measurements. The ratio of 

Pb and Te atoms in the thin films were found to be stoichiometric by EPMA. In the thin 

films of even 100 cycles of electrodeposited PbTe, we observe a strong blue shift of the 

fundamental absorption edge due to quantum confinement. X-ray diffraction 

measurements indicate that the thin films are rock salt structure and have a preferential 

(200) orientation. AFM indicates that the crystallite size of the thin films is 300 nm 

corresponding to that of the Au substrate. 

Keywords 

PbTe, IV-VI, Thermoelectric materials, Quantum confinement, UPD, Electrodeposition, 

EC-ALE, and X-ray diffraction. 
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Introduction 

PbTe an important IV-VI compound semiconductor, used in thermoelectric applications 

[1-11], infrared sensors[12], photovoltaics [13-15] etc. and the properties of IV-VI 

compound semiconductor change with the strong confinement effects. These IV-VI 

compound semiconductor materials have a large Bohr radius and the typical Bohr radius 

(ao) for PbTe is 50 nm. When the dimension of the semiconductor material is less than 

that of the Bohr radius, the electron is confined in the lattice, and there is a change in 

optical, mechanical or magnetic properties of the semiconductor material due to quantum 

confinement[16]. IV-VI compound semiconductors like PbSe, PbTe and PbS, have small 

and equal electron and hole masses compared to III-V or II-VI compound 

semiconductors, which enables large confinement energies to be split equally between the 

carriers and they exhibit better confinement effects compared to InSb, InAs or CdS[16]. 

The band gap of the quantum confined material will be larger compared to the bulk lead 

chalcogenides (0.2 – 0.3 eV).  

Molecular beam epitaxy [14, 17], chemical vapor deposition and hot-wall epitaxy [18-20] 

use high temperatures for deposition, and the boundaries between these materials blur, 

due to interdiffusion[19] of the component elements, degrading the quality of the device. 

Interdiffusion is minimized for devices formed near room temperature. Electrodeposition 

is a low-temperature technique, minimizing interdiffusion, and is thus appealing for the 

formation of complex compound semiconductors structures, including thermoelectric 

devices. One of the standard methods for compound electrodeposition is co-deposition, 

where a set reduction potential or current density is applied to a single solution containing 

precursors for all the elements in a compound. Co-deposition of PbTe has been reported 
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[21-26] and post deposition annealing or the use of Cd was generally required to adjust 

stoichiometry, crystallinity, and the phase formation. 

Atomic layer epitaxy (ALE) is a method [27-30] used to form compound thin films one 

atomic layer at a time.  Surface limited reactions are used to control the growth rate and 

morphology. ALE offers greater control over deposit structure than methods based on 

controlling reactant fluxes for all elements simultaneously. Our group has been 

developing the electrochemical analog of ALE, electrochemical atomic layer epitaxy 

(EC-ALE) [31-33], which uses surface limited reactions for one atomic layer of 

compound semiconductor. Surface limited reactions are well known in electrochemistry 

and are referred to as underpotential deposition (upd). Upd [34-38] is the deposition of an 

atomic layer of one element on a second, at a potential prior to that needed to form bulk 

deposit of the first element.  Upd facilitates the formation of compounds one atomic layer 

at a time in EC-ALE.  

II-VI compounds such as CdTe[33, 39-42], CdS[33, 40, 43-45], ZnSe[46] and CdS / HgS 

superlattices[44] have been successfully formed using by EC-ALE, as well as some III-V 

compounds: GaAs[47, 48], InAs[49], InSb[50] and superlattices of InAs/InSb[50]. 

Torimoto et.al. reported quantum confinement in thin films of ZnS[51], CdS[52], and 

PbS[53] grown by EC-ALE. We have also reported the quantum confinement of 

PbSe[54] thin films grown by EC-ALE. In this paper we report the quantum confinement 

properties of PbTe thin films electrodeposited by Electrochemical Atomic Layer Epitaxy. 

Experimental 

An automated electrochemical thin-layer flow deposition system was used for the 

formation of thin films. The system consists of a series of solution reservoirs, computer 



 109

controlled pumps, valves and a potentiostat. Most of the hardware used has been 

described in previous articles[32, 50, 55]. The system is contained within a nitrogen 

purged plexiglas box, to reduce the influence of oxygen during electrodeposition. A thin-

layer electrochemical flow cell, designed to maintain laminar flow was used for the 

depositions, and consisted of a Au working electrode, Au coated indium tin oxide (ITO) 

auxiliary electrode and Ag | AgCl (3M NaCl) reference electrode (Bioanalytical systems, 

Inc., West Lafayette, IN).  

Solutions used include: 0.2 mM Pb(ClO4)2  (Alfa Aesar, Ward Hill, MA), pH 5.5, 

buffered with 50.0 mM CH3COONa·3H2O (J.T.Baker); 0.2 mM TeO2 (Alfa Aesar, Ward 

Hill, MA), pH 9.2, buffered with 50.0 mM Sodium borate.  A pH 7.0 rinse solution was 

used as well. The pH values of all solutions were adjusted with CH3COOH and KOH 

(Fischer Scientific, Pittsburgh, PA). Supporting electrolyte, 0.1 M NaClO4 (Fischer 

Scientific, Pittsburgh, PA), was added to each solution. Solutions were made with water 

from a Nanopure water filtration system (Barnstead, Dubuque, IA), fed from the house 

distilled water system. All chemicals were reagent grade or better. 

Substrates were glass microscope slides (Gold Seal products), etched in HF and rinsed 

with HNO3 briefly prior to insertion into the vapor deposition chamber.  The substrates 

were annealed in the deposition chamber at 400 °C for 12 hrs before vapor deposition. 

Thin, 3 nm thick, films of Ti were first vapor deposited, followed by 600 nm of Au, while 

the substrates were held at 400 °C. The substrates, removed from the chamber, were 

dipped in nitric acid and rinsed with nanopure water. Prior to use, the substrates were 

annealed using a H2 flame (to a dull orange glow in the dark), cleaned again in hot nitric 

acid and rinsed with nanopure water.  
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AFM studies were performed using a Nanoscope 2000 (Digital Instruments, Santa 

Barbara, CA) in the tapping mode. Absorption measurements were performed using a 

variable angle reflection rig in conjunction with a Bruker 66v FTIR spectrometer 

equipped with a Si detector. Glancing angle X-ray diffraction patterns were acquired on a 

Scintag PAD V diffractometer, equipped with a 6” long set of Sola slits on the detector to 

improve resolution in this asymmetric diffraction configuration. Electron probe 

microanalysis (EPMA) studies were performed using a Joel JXA-8600 super probe. 

Results and Discussion 

The starting potentials in the deposition program were determined from cyclic 

voltammograms for each element. Potentials of -0.2 V for Pb (Fig. 1) and -0.3 V for Te 

(Fig. 2) were identified as upd potentials for the deposition of PbTe. 

The cycle involved filling the cell with the Pb solution at a potential of -0.2 V and 

depositing Pb for 15 secs. The cell was then rinsed with the blank for 2 sec and filled 

with the Se solution at –0.2 V, and depositing Se for 15 secs. The Te ions were rinsed out 

of the cell by flowing the blank solution for 2 secs. This cycle was intended to form a ML 

of the IV-VI semiconductor PbTe and was repeated to form PbTe thin films. 

The deposition currents, however, decreased over the first few cycles, resulting in less 

then a monolayer of compound each cycle.  This could be the simple result of depending 

on potentials chosen for upd on Au, not for upd on the compound.  In the present study, 

deposition currents decreased over the first few cycles, resulting in less then a ML of 

compound/cycle.  Presently, this appears to be due to differences in the underpotentials 

for the elements on Au vs. on each other, needed to form the compound.  Similar 

potential shifts during the first cycles appear to be required to deposit thin films of most 
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of the compounds formed via EC-ALE [55, 56]. In the present study, small negative 

potential shifts were used for the first 10 cycles in order to maintain a deposition rate 

close to a ML/cycle. Experience has shown that potential shifts tend to decrease 

exponentially for the first 10 to 30 cycles, depending on the compound.  These changes 

appear to be due to a decrease in the driving force for deposition, the underpotentials, the 

thicker the deposit gets, relative to UPD of the elements on the Au substrates. However, 

the closer the potentials get to the formal potentials for the reversible element, Pb in this 

case, steady state potentials can be maintained.  Steady state potentials are obtained in the 

present case after about ten cycles.  An alternative justification for these potential 

changes, suggested by this group, involves dropping some of the applied potential across 

a growing space charge layer (SCL), or schottky barrier, between the Au electrode and 

the growing semiconductor thin film.  However, given the extremely thin films present 

by the point where steady state potentials are achieved, it is unrealistic to think that a 

space charge layer has been fully developed [57]. To keep the deposition charges 

sufficient for the formation of a full monolayer with each cycle, the potentials were 

stepped negative after each of the first 10 cycles.  After 10 cycles, steady state potentials 

of -0.3 V for Pb and –0.4 V for Te were attained, and used to form the rest of the deposit. 

EPMA of the deposits indicated an Te/Pb atomic ratio of 1/1 (standard deviation = 0.01). 

Fig. 3 and Fig. 4 shows the X-ray diffraction patterns for a 50, 65, 85 and 100 cycle PbTe 

deposit. The x-ray diffraction peaks of 50 (figure 3a), and 65 cycle PbTe deposit (figure 

3b) correspond to the rock salt structure peaks for the (200), (111), (222), (400) and (311) 

planes of PbTe [JCPDS 20-0494], along with polycrystalline Au substrate peaks. 

Elemental peaks for Pb and Se are absent and the peaks indicate the polycrystalline 
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nature of the deposit.  The 50 and 65 cycle PbTe deposit have a preferential (200) 

orientation in the deposit. The 85 (figure 4a) and 100 cycle PbTe deposit (figure 4b) is 

essentially (200) oriented. Fig. 5 shows an AFM image of the AFM image of a 100 cycle 

deposit of PbTe. The scan size is 5µm and the data scale is 50 nm. The thin film consists 

of crystallites that are 300 nm in diameter, which are conformal with the Au substrate. 

Also we can see that there is beginning of 3-D growth associated with the deposit, and as 

described earlier excess Te may have been deposited being in the overpotential region. 

Fig. 6 shows a plot of the square of the absorption data for a 50, 65 and 100 cycle deposit 

of PbTe, times energy, vs. energy. Bulk value of the band gap of PbTe is 0.29 eV. The 50 

and 65 cycle thin film band gap is blue shifted to 1 eV and 0.9 eV respectively. We 

observe a strong blue shift in the band gap (0.7 eV) even for a 100 cycle thin film due to 

quantum confinement.  

Conclusions 

PbTe thin films have been successfully formed by EC-ALE. The films were had a  

preferential (200) orientation and the AFM image indicated that there may be 3-D growth 

in the grain boundaries of the Au substrate. Further studies involving the optimization of 

deposition potentials for Te is presently being pursued. We also observe strong quantum 

confinement effects even in the 100 cycle electrodeposited PbTe thin film. Formation of 

quantum confined nanowires of PbTe and PbSe and PbSe / PbTe superlattice thin films 

are presently underway. 
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Figure 6.1. Cyclic voltammogram of a Au electrode in a pH 5.5 solution containing 0.2 

mM Pb(ClO4)2, 50 mM CH3COONa and 0.1 M NaClO4. Scan rate 5 mV/sec  



 119

 

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

Figure 6.2. Cyclic voltammogram of a Au electrode in a pH 9.2 solution containing 0.2 

mM TeO2, 50 mM Sodium borate and 0.1 M NaClO4. Scan rate 5 mV/sec 
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Figure 6.3a. X-ray diffraction of 50 cycle electrodeposited PbTe thin film. Angle of 

incidence is 1°, Cu Kα source. 
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Figure 6.3b. X-ray diffraction of 65 cycle electrodeposited PbTe thin film. Angle of 

incidence is 1°, Cu Kα source. 
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Figure 6.4a. X-ray diffraction of  85 cycle electrodeposited PbTe thin film. Angle of 

incidence is 1°, Cu Kα source. 
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Figure 6.4b. X-ray diffraction of 100 cycle electrodeposited PbTe thin film. Angle of 

incidence is 1°, Cu Kα source. 
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Figure 6.5. AFM of 100 cycle electrodeposited PbTe thin film on annealed Au substrate. 

The scale is 5µm and data scale is 50 nm. 
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Figure 6.6. Absorption spectrum of a) 50 cycle (red) b) 65 cycle (green)  c) 100 cycle 

(black) electrodeposited PbTe thin film. 
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Chapter 7 

Electrodeposition of PbSe/PbTe superlattice thin films by Electrochemical Atomic Layer 

Epitaxy (EC-ALE)6 

                                                 
6 Vaidyanathan R, Happek U, Cox S.M, and Stickney J.L, Journal of Applied Physics, 

submitted (2003). 
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Abstract 

This paper concerns the electrochemical growth of compound semiconductor thin film 

superlattice structures using electrochemical atomic layer epitaxy (EC-ALE).   EC-ALE 

is the electrochemical analog of atomic layer epitaxy (ALE), a deposition method based 

on the formation of compounds an atomic layer at a time, using surface limited reactions. 

Electrochemical surface limited reactions are referred to as underpotential deposits  

(upd), and EC-ALE is the use of upd in an ALE cycle.  PbSe/PbTe thin film superlattices, 

with modulation wavelengths of 4.23 nm and 7.05 nm, are reported here. The films were 

characterized using electron probe microanalysis (EPMA), X- ray diffraction (XRD), 

atomic force microscopy (AFM) and reflection infrared absorption measurements. The 

4.23 nm period superlattice was grown on a thin (10 cycle) PbSe pre-layer, and had a 

composition of PbSe0.52Te0.48. The 7.05 nm period superlattice was grown on a thicker 

(100 cycle) PbTe pre-layer, and had a composition of PbSe0.44Te0.56. The primary Bragg 

diffraction peak for the PbSe0.52Te0.48 superlattice corresponded to an average of the (111) 

diffractions of PbSe and PbTe. First order satellite peaks and a second were observed, 

indicating a high quality superlattice thin film. When the modulation wavelength of the 

superlattice was increased to 7.05 nm, on the thicker PbTe pre-layer, Bragg peaks 

corresponding to both the (200) and (111) plane of the PbSe/PbTe superlattice were 

observed, with satellite peak shifted 1° closer to the (111). AFM indicates that the 

superlattice thin films were essentially conformal with the Au substrate. The band gaps of 

the 4.23 nm and 7.05 nm superlattice thin films were measured to be 0.48 eV and 0.38 eV 

respectively. 
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Introduction 

Superlattices are examples of nano-structured materials 1,2, where the unit cell of the 

material is artificially manipulated in one dimension.   By alternately depositing nano 

films (a few monolayers (ML) thick) of two compounds, a material is created with a new 

unit cell, defined by the superlattice period, the combined thickness of the two nano 

films. Changing the number of ML within a period of the superlattice will change its 

optical properties and XRD. Interfacial sharpness, lattice mismatch between the 

constituent compounds, and modulation of the stoichiometry throughout the superlattice 

period profile, all can have substantial effects on the optical and electronic properties of 

the superlattice. 

Superlattices based on IV-VI compound semiconductors are promising in thermoelectric 

applications3-5, infrared sensors6 etc., as well, the current transport properties of IV-VI 

compound semiconductor superlattices3-5,7-11 change with periodicity. These IV-VI 

compound semiconductor materials have large Bohr radii, 50 nm for PbTe and 46 nm for 

PbSe12. When the dimensions of the semiconductor material are less than the Bohr radius, 

the electron is confined in the superlattice, and optical, electronic and or magnetic 

properties of the semiconducting material can change due to quantum confinement12. IV-

VI compound semiconductors like PbSe, PbTe and PbS, have small and relatively equal 

electron and hole masses, compared to III-V or II-VI compound semiconductors.  The 

result is that they tend to exhibit larger confinement effects when dimensions are less 

then the Bohr radius, compared to III-V or II-VI superlattice systems12.  

The primary methodologies for forming superlattices with atomic level control are 

molecular beam epitaxy (MBE) 3,6,13-16, vapor phase epitaxy (VPE) 17, and a number of 
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derivative vacuum based techniques 4,5,7. These methods depend on controlling the flux 

of reactants and the temperature of the substrate and reactants. The growth temperature in 

MBE and VPE is an important variable, however deposits formed at even moderate 

temperatures (200-500 °C), result in interdiffusion of component elements.  In the 

formation of a superlattice, individual nanolayers are thin, and a small amount of 

interdiffusion can have a large effect, blurring of the interfaces and resulting in a material 

that is more of an alloy then a superlattice. The integrity of a junction frequently 

determines the quality of a device. 

Electrodeposition is a low-temperature technique, minimizing interdiffusion, and is thus 

appealing for the formation of superlattices 2,11,18,19.  Electrochemical formation of 

superlattices has been pioneered by Switzer et al 2. One of the standard methods for 

compound electrodeposition is co-deposition, where a set reduction potential or current 

density is applied to a single solution containing precursors for all the elements in a 

compound. Co-deposition of PbSeTe multilayer periodic structure have been reported  by 

Strelsov et.al.20-22 

Atomic layer epitaxy (ALE) is a method 23-26 for forming compound thin films one 

atomic layer at a time.  Surface limited reactions are used to deposit each atomic layer. 

The use of surface limited reactions should improve morphology and facilitates 

monolayer control of the growth rate. ALE offers greater control over deposit structure 

than methods based on controlling reactant fluxes for all elements simultaneously. The 

principle is that by limiting growth to a monolayer at a time, 2D growth, epitaxy will be 

promoted.  Our group has been developing the electrochemical analog of ALE, 

electrochemical atomic layer epitaxy (EC-ALE) 27-29.  EC-ALE uses electrochemical 
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surface limited reactions, referred to as underpotential deposits (UPD) to form compound 

semiconductors one atomic layer at a time. Upd 30-34 is the deposition of an atomic layer 

of one element on a second, at a potential prior to that needed to form bulk deposits of the 

first element.  An EC-ALE cycle would then be where an atomic layer of the first 

element is deposited at its upd potential from a solution containing its precursor, the 

solution would then be exchanged for a solution of a precursor for the second element, 

and an atomic layer of it would be deposited at its underpotential, resulting in the 

formation of a monolayer of the desired compound.  The number of cycles determines the 

thickness of the deposit. 

II-VI compounds such as CdTe29,35-38, CdS29,36,39-41, ZnSe42, CdS/CdSe superlattices43 and 

CdS/HgS junctions40 have been successfully formed using using EC-ALE, as have some 

III-V compounds: GaAs44,45, InAs46, InSb47 and superlattices of InAs/InSb47. Torimoto et 

al. reported quantum confinement in thin films of ZnS48, CdS49, and PbS50 and 

superlattices of ZnS/CdS 51,52 grown by EC-ALE. We have also reported the quantum 

confinement of PbSe53 and PbTe 54 thin films grown by EC-ALE.  

Ideally, two lattice matched compounds are chosen to form a superlattice2. PbSe and 

PbTe have a significant lattice mismatch, 6%, and are thus considered to form strain 

layered superlattice structures 55, where dislocations and island growth during superlattice 

formation with MBE are expected. In this paper we report the formation of PbSe/PbTe 

strained layer superlattice thin films, electrodeposited using EC-ALE. 

Experimental 

An automated electrochemical thin-layer flow deposition system was used for the 

formation of thin films. The system consisted of a series of solution reservoirs, computer 
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controlled pumps, valves and a potentiostat. Most of the hardware used has been 

described in previous articles 28,47,56. The system is contained within a nitrogen purged 

Plexiglas box, to reduce the influence of oxygen during electrodeposition. A thin-layer 

electrochemical flow cell, designed to promote laminar flow, was used for the 

depositions, and consisted of a Au working electrode, Au coated indium tin oxide (ITO) 

auxiliary electrode and a Ag|AgCl (3M NaCl) reference electrode (Bioanalytical systems, 

Inc., West Lafayette, IN).  

Solutions used include: 0.2 mM Pb(ClO4)2  (Alfa Aesar, Ward Hill, MA), pH 5.5, 

buffered with 50.0 mM CH3COONa·3H2O (J.T.Baker); 0.2 mM TeO2 (Alfa Aesar, Ward 

Hill, MA), pH 9.2, buffered with 50.0 mM Sodium borate; and 0.2 mM SeO2 (Alfa 

Aesar, Ward Hill, MA), pH 5.5, buffered with 50.0 mM CH3COONa·3H2O (J.T.Baker) .  

A pH 7.0 rinse solution was used as well. The pH values of all solutions were adjusted 

with CH3COOH and KOH (Fischer Scientific, Pittsburgh, PA). Supporting electrolyte, 

0.1 M NaClO4 (Fischer Scientific, Pittsburgh, PA), was added to each solution. Solutions 

were made with water from a Nanopure water filtration system (Barnstead, Dubuque, 

IA), fed from the house distilled water system. All chemicals were reagent grade or 

better. 

Substrates were glass microscope slides (Gold Seal products), etched in HF and rinsed 

with HNO3 briefly, prior to insertion into the vapor deposition chamber.  The substrates 

were annealed in the turbo pumped deposition chamber at 400 °C for 12 hrs before vapor 

deposition. Thin, 3 nm, films of Ti were first vapor deposited, followed by 600 nm of Au, 

while the substrates were held at 400 °C. The substrates, removed from the chamber, 

were dipped in nitric acid and rinsed with nanopure water. Prior to use, the substrates 
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were annealed using a H2 flame (to a dull orange glow in the dark), cleaned again in hot 

nitric acid and rinsed with nanopure water.  

AFM studies were performed using Nanoscope 2000 (Digital Instruments, Santa Barbara, 

CA) in the tapping mode. Absorption measurements were performed using a variable 

angle reflection rig in conjunction with a Bruker 66v FTIR spectrometer equipped with a 

Si detector. Glancing angle X-ray diffraction patterns were acquired on a Scintag PAD V 

diffractometer, equipped with a 6” long set of Sola slits on the detector to improve 

resolution in this asymmetric diffraction configuration. Electron probe microanalysis 

(EPMA) studies were performed using a Joel JXA-8600 super probe. 

Results and Discussion 

4:4 Superlattice  

The starting potentials in the deposition program were determined from cyclic 

voltammograms for each element on the Au substrates. Experience has shown that 

optimal potentials, those that result in a ML/cycle, may shift to more negative potentials 

as the deposit grows, over the first 10 to 30 cycles depending on the compound, before 

reaching steady state potentials.  Steady state potentials of -0.3 V for Pb, -0.3 V for Se 

and -0.4 V for Te were previously reported 53,54 by this group for the EC-ALE deposition 

of these elements in preliminary studies of the formation of PbSe and PbTe compound 

semiconductor thin films.   

For the 4:4 superlattice, each period was grown with 4 cycles (ML) of PbSe and 4 of 

PbTe. The deposit consisted of 81 periods, on a pre-layer of 10 atomic layers of PbSe. 

The pre-layer allowed attainment of steady state potentials before compound alternation 

was initiated.  The period program worked as follows: the flow cell was first filled with 
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the Pb2+ solution for 2 sec at a potential of -0.3 V.  The potential was held without 

solution flow for 15 sec to allow Pb atomic layer deposition. The cell was then rinsed 

with the blank for 2 sec and filled with the Te precursor (HTeO3
-) solution, at –0.4 V, at 

which point flow was stopped, and Te was deposited for 15 secs. Excess HTeO3
- ions 

were then rinsed out of the cell using the blank solution, for 2 secs, to complete the cycle. 

This cycle was intended to form a ML of the IV-VI semiconductor PbTe, and was 

repeated 4 times to form a PbTe nanofilm.  The complimentry PbSe nanofilm was grown 

in a similar manner: the cell was again filled with the Pb2+ solution at a -0.3 V for 2 sec, 

and Pb was deposited for 15 sec.  Excess Pb2+ was removed by rinsing with the blank for 

2 sec, and then the cell was filled for 2 sec with the Se precursor (HSeO3
-) solution at -0.3 

V.   Se was deposited for 15 sec, after which the cell was rinsed again with blank for 2 

sec. This cycle was intended to form a ML of PbSe and was also repeated 4 times, to 

form a nanofilm of PbSe.  This whole program, 4 cycles of PbTe and 4 cycles of PbSe, 

formed one period of the superlattice, and was repeated 80 times.  

Figure 7.1 shows the X-ray diffraction pattern for the 81 period 4:4 PbSe/PbTe 

superlattice. The (111) diffraction peak, along with both ± first order satellite peaks, and 

one second order peak, are evident for the superlattice. The satellites were equidistant 

from the sides of the (111) diffraction peak.   

The superlattice period, H, can be calculated using the following equation7, from the 

angular distance ∆(2θ) between the satellite and the (111) Bragg peak: 

 H = 57.3 λ / ∆(2θ) Cosθ                     ----------          (1). 

In the present study, the period thickness was found to be 4.23 nm.  If we think of a ML 

of the compound as being one atomic layer of Pb atoms and one of Te or Se, essentially a 
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monolayer of (111) PbSe or PbTe out of the rock salt structure, the thickness of this 

period should be 2.1  nm, rather then the 4.23 nm determined from XRD.  The 

assumption that one atomic layer of Pb and one layer of Te would be the natural result of 

EC-ALE is not necessarily true, it may be that one cycle of deposition naturally results in 

growth of what would be considered here two ML of the compound, as the natural 

amount.  This results suggests that the optimal deposition conditions for both PbSe and 

PbTe by EC-ALE should be further investigated.  In the 4:4 superlattice, odd 2nd order 

satellite peaks were observed, indicative of a square wave modulation of the lattice and 

uniform composition through the superlattice 2.  

EPMA of the deposits indicated a composition of PbSe0.52Te0.48, slightly rich in Se, as 

might be expected, as the initial pre-layer was 10 cycles of PbSe. Infrared absorption 

measurements (Figure 7.2) suggested a band gap for the superlattice of 0.48 eV, blue 

shifted from the band gaps for either of the component compounds, and thus suggesting 

the presences of quantum confinement in the deposit.   

 

6:6 Superlattice 

Figure 7.3 shows the X-ray diffraction pattern for a 40 period 6:6 PbSe/PbTe superlattice 

thin film. Each period of the superlattice was made up of 6 cycles of PbSe and 6 cycles of 

PbTe. The superlattice was deposited on a pre-layer of 100 cycles of PbTe. In Figure 7.3, 

(111) and (200) Bragg diffraction peaks, along with first order satellite peaks, are evident 

in a relatively noisy XRD pattern. Satellite peaks were positioned equidistant about the 

(111) Bragg diffraction peak, similarly to those in Figure 7.1.  In addition, minimal 

satellites can be detected equally spaced about the (200) peak. From the spacing of the 
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(111) satellite peaks, a superlattice period, H, of 7.05 nm was suggested. This is, again, 

about twice the anticipated thickness, in this case H = 3.1 nm was expected if we consider 

each cycle to form a single (111) compound monolayer.  Comparing the two 

superlattices, the relative increase in thickness/period between the 4:4 and 6:6 

superlattices was about as expected, given that each cycle appears to result in about two 

layers instead of one. EPMA suggested a stoichiometry of PbSe0.44Te0.56  for the overall  

deposit, a little heavy in Te.  However, given that a 100 cycles of PbTe was used as the 

pre-layer, this stoichiometry is not surprising.   Figure 7.5 shows the infrared absorption 

data for this 6:6 superlattice deposit, which suggests a band gap of 0.38 eV. Increasing 

the superlattice period, from 4.23 nm to 7.05 nm, resulted in a red shift of the thin film 

band gap, from 0.48 to 0.38 eV, as would be expected. 

An AFM image (Figure 7.5) of the PbSe0.52Te0.48 superlattice displayed some little white 

dots, apparently growing at grain boundaries.  Those dots were probably indications of 

some initial 3-D growth. The scan size of the image is 5µm X 5µm, and the Z scale was 

50 nm. The thin film deposit consisted of crystallites 300 nm in diameter, essentially 

conformal with the Au substrate.  The small amount of 3D growth is consistent with an 

unoptimized cycle program, and the apparent deposition of two compound ML each 

cycle, instead of the expected one ML.  Studies to optimize the cycles for both PbSe and 

PbTe are presently underway. 

Significant changes in the XRD pattern were evident between the 4:4 and 6:6 

superlattices, including the appearance of a more prominent (200) orientation.  These 

changes probably resulted from the fact that PbTe was used instead of PbSe for the pre-

layer, and that 100 cycles of PbTe were grown for the 6:6 deposit, where only 10 cycles 
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of PbSe were grown before the 4:4 deposit.  For instance, it may be that the (200) peak in 

Figure 7.3 may be mostly the result of the 100 cycles of PbTe used as a pre-layer.  Why 

the XRD quality went down between Figure 7.1 and 7.3 is not clear, but part may be due 

to the fact that only 40 periods of the 6:6 were grown instead of the 81 grown of the 4:4.  

Other possibilities include variability in the quality of the Au on glass substrates, as some 

show a much increased roughness, and the glancing incident angle XRD method used is 

very sensitive to small variations in the sample position.  Finally, it may have to do with 

the lattice match, it may be that the 6:6 period is too long, exceeding the critical thickness 

for the materials, and a large increase in the defect density resulted.  Further studies of the 

dependence of the XRD of these superlattices on the growth conditions are underway.  

It is notable, that while PbSe films grown on Au on glass substrates resulted essentially 

polycrystalline deposits 53, 100 cycle PbTe deposits showed a single (200) diffraction 

peak 54.  This may help explain why the (200) peak is present for the 6:6 deposit formed 

on a 100 cycle PbTe pre-layer.  However, what is not yet clear is why  both superlattices 

appear to grow with a prominent (111) orientation, rather then the (200)?   

IV-VI compounds PbSe and PbTe have band gaps of 0.26 eV and 0.29 eV respectively.  

Previous studies of lead chalcogenide superlattices have suggested that they have type II 

57-61 band alignment, which usually results in superlattice band gaps less than either of the 

constituent semiconducting compounds. In the present study the band gaps of the 

superlattices are blue shifted from the band gaps for the constituent elements.  The 

individual 4 or 6 cycle compound nanolayers in the superlattice should have band gaps 

greater then 1 eV, but the superlattices evidence band gaps of  0.48 and 0.38 eV 

respectively,  an over all blue shift with respect to the bulk compounds, but a red shift 
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from that expected for the individual compound nanolayers.  To better understand these 

effects, use of larger period superlattices, thicker nanolayers of the compounds, will be 

grown, as confinement effects should decrease, and a net red shift may be observed if 

they are type II superlattices.   Alternatively, the extra confinement could be the result of 

the stress involved in forming the lattices, as noted they should be strained layer 

superlattices.  Defects incorporated as the lattices are grown, related to the lattice 

mismatch, may result in nanoclustering, the confinement from which may contribute to 

observed blue shifts.  In addition, as noted above, that while the conditions for the EC-

ALE cycles are good, they are not yet optimized, and some 3D growth is present.  These 

features may help to account for the observed optical properties.  Overall, it is clear that 

optimal cycle conditions for the deposition of the constituent compounds should be 

developed, and that more lattices should be formed with larger periods, in order to better 

understand these results.   

Conclusions 

PbSe/PbTe superlattices have been successfully formed using EC-ALE with 4:4 cycle 

and 6:6 cycle periods.  From XRD, second order satellite diffraction peaks indicate the 

formation of a very good quality superlattice, and suggested a square wave modulation of 

the lattice and uniform composition modulation throughout the thin film. Increasing the 

superlattice period red shifted the adsorption spectrum for the superlattice deposits, 

consistent with a decrease in the degree of quantum confinement in the superlattice, as 

the period increased.  The literature suggests these materials should form type II 

superlattices, however, the band gap was blue shifted from those of the individual 

compounds, suggesting a type I.   On the other hand, the extent of the blue shift was 
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considerably less then expected.  These results are very encouraging, but suggest more 

studies to investigate the quality of the superlattice deposits, the dependence on thickness 

and symmetry of the period, and the importance of a pre-layer to the resulting deposit 

structure.  In addition, by studying the dependence of the band gap on period thickness, 

questions concerning the type of superlattice, type I or type II, may be answered.  
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Figure 7.1. X-ray diffraction of 81 period 4PbTe / 4PbSe superlattice. 

Buffer layer is 10 cycle PbSe. Angle of incidence is 1°, Cu -Kα source . 
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Figure 7.2. Reflection absorption measurements for 81 period 4PbTe / 4PbSe superlattice. 
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Figure7.3. X-ray diffraction of 40 period 6PbTe / 6PbSe superlattice. 

Buffer layer is 100 cycle PbTe. Angle of incidence is 1°, Cu -Kα source. 
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Figure7.4. Reflection absorption measurements for 40 period 6PbTe / 6PbSe superlattice. 
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Figure7.5. AFM image of 81 period 4PbTe / 4PbSe superlattice electrodeposited on 

annealed Au on glass substrate. 
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Chapter 8 

Conclusions and Future Studies 
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Initial studies in the InAs electrodeposition by EC-ALE, suggested a steady state 

deposition potential of –0.665 V for In and –0.775 V for As is required to obtain  2-D 

growth and stoichiometric deposit. The band gap of InAs thin film showed a dependence 

on the size of Au crystallites in the substrate. Small Au crystallites 50-100 nm, present in 

un-annealed substrate, blue shifts the band gap of InAs from its bulk value due to 

quantum confinement.  

Deposition programs were developed for the formation of Cu2Se and In2Se3  thin films. 

Different phases, Cu2Se and Cu3Se2 were found in thin films that were made 200 cycles 

or more. Phase transformation of Cu2Se is energetically favored at room temperature and 

also presence of excess copper in the deposits may also be a factor in the composition of 

the thin film. Films that were less than 200 cycles thick, composed mainly of Cu2Se and 

the band gap was found to be 1.6 eV. In2Se3 thin films were also electrodeposited and 

Raman measurements showed that the films were composed of amorphous and 

crystalline materials. Attempts were made towards the formation of CuInSe2 thin films, 

by alternating atomic layers of Cu2Se and In2Se3 compound semiconductors. EPMA, and 

x-ray diffraction suggested that thin films were copper rich. (Cu:In:Se 2:1:2). Further 

studies involving better complexing agent for Cu to shift the deposition potentials to –0.3 

V is necessary to prevent indium from stripping during the Cu deposition and facilitate 

the formation of CIS.  

Deposition potentials were identified for the electrodeposition of PbSe, PbTe and PbSe / 

PbTe thin films. Quantum confinement effects were observed for thin films of PbSe and 

PbTe electrodeposited by EC-ALE. The band gap of 10 – 25 cycle PbSe (bulk – 0.26 eV) 

deposit is blue shifted to 1 eV or more. Even a 100-cycle PbTe thin film band gap is blue 



 152

shifted due to strong confinement effect. EPMA indicated that the films were 

stoichiometric and the lead chalcogenide thin films were rock salt structure, observed by 

x-ray diffraction. PbTe thin films have a preferential orientation in the (200) plane 

compared to the poly crystalline nature of PbSe thin films. Te and Se seem to deposit in 

the over potential regime and hence control over the atomic layer Se and Te deposition 

needs further research. 

PbSe / PbTe superlattice thin films indicated good stoichiometry and Bragg diffraction 

peaks with equidistant 2nd order satellites were observed. Change in the thickness of the 

period will provide the necessary information to determine the type (I or II) of the PbSe / 

PbTe superlattice.  

Semiconductor nanoclusters have been formed using EC-ALE in the pores of 

polycarbonate membranes. Technical problems with ingression of Au into the holes in 

the polycarbonate membrane were responsible for the excessive vertical height of the 

nanoclusters, and the dips in the centers.  The high aspect ratio of these pores may have 

also caused some problems with ion exchange between steps in the EC-ALE cycle, 

possibly resulting in a small amount of co-deposition during formation of the 

nanostructures. The possibility of forming low aspect ratio template materials (30-50 nm 

diameter holes, but only and 100-500 nm tall) should be pursued.  

Formation of quantum confined thin films and superlattices provides a variety of 

flexibility in the nanometer regime to manipulate the optical, magnetic and transport 

properties of the semiconductor thin films. Future studies involving the formation of 

PbSe, PbTe nanowires and nanowire superlattices, and quantum dots in aluminum 

templates will give rise to very interesting 2-D and 3-D quantum confinement properties 
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and formation of nanowire superlattice should be pursed to realize the limit of quantum 

confinement in the lead chalcogenides. 

 

            

            

        

 

 

 


