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Abstract

Technological development in nanoelectronics and solar energy devices demands
nanostructured surfaces with controlled geometries and composition. Electrochemical
atomic layer deposition (E-ALD) is recognized as a valid alternative to vacuum and
chemical bath depositions in terms of growth control, quality and performance of
semiconducting systems, such as single 2D semiconductors and multilayered mate-
rials. This chapter is specific to the E-ALD of metal chalcogenides on Ag single crystals
and highlights the electrochemistry for the layer-by-layer deposition of thin films
through surface limited reactions (SLRs). Also discussed herein is the theoretical
framework of the under potential deposition (UPD), whose thermodynamic treatment
open questions to the correct interpretation of the experimental data. Careful design
of the E-ALD process allows fine control over both thickness and composition of the
deposited layers, thus tailoring the optoelectronic properties of semiconductor com-
pounds. Specifically, the possibility to tune the band gap by varying either the number
of deposition cycles or the growth sequence of ternary compounds paves the way
toward the formation of advanced photovoltaic materials.

Keywords: E-ALD, Ag(111), thin films, metal chalcogenides, UPD, photovoltaics

1. Introduction

Improving the efficiency of the deposition techniques of compound semiconductors could be
crucial for the future sustainable micro and nano-electronic industry. A common challenge

I NT EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.



90 Semiconductors - Growth and Characterization

when reviewing current technologies is the lack of reliable compositional control as well as
conformal coating of complex geometries. Electrochemical deposition techniques are a low-
cost alternative to vacuum evaporation and chemical bath deposition for the direct fabrication
of thin films from molecular precursors. Among electrodeposition processes, electrochemical
atomic layer deposition (E-ALD) has the advantage to fabricate semiconductors one atomic
layer at a time, thus requiring very low energy consumption, diluted solutions, and operating
at standard environmental conditions. Fine control of the thin film growth is achieved through
the surface limited reaction (SLR), usually referred as under potential deposition (UPD), of the
ionic precursors with the electrode substrate or a preceding layer. When the thin film growth
can be rigorously considered epitaxial, the E-ALD method is referred as electrochemical
atomic layer epitaxy (ECALE) [1]. E-ALD is recognized as a very effective method for the
electrodeposition of ultra-thin films of semiconducting materials. In recent years, thin films of
binary [2-5] and ternary semiconductors [6-9] were successfully obtained on silver electrodes.
Figure 1 illustrates the steps involved in the E-ALD process of a ternary compound. The
chosen sequence for the alternate deposition of different elements dictates both the structure
and the stoichiometry of the resulting semiconductor compound.

This chapter highlights the current progress in E-ALD of binary and ternary chalcogenides on
Ag(111) from an electrochemical perspective.

Sulphides({Il) anions Cadmium(ll}ions

m— ——

Ag(111) Ag(111)/S Ag(111)/s/Cd

Sulphides{ll) anions

Zinc(Il)

Sulphides({I1) $
cations

anions

Ag(111)/S/Cd/S/Zn/S Ag(111)/S/Cd/S/Zn Ag(111)/S/Cd/S

Figure 1. Schematic of the E-ALD growth of a ternary semiconductor. The solutions used in each step are indicated in the
boxes below.
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2. Thermodynamics of the UPD process

For the sake of simplicity and clarity, we will develop the thermodynamics of an epitaxial
E-ALD process (ECALE) with the steps constituted by UPD. As a reference we consider the
ECALE growth of CdS on Ag(111). From a purely chemical perspective, ECALE exploits UPD
to grow the semiconductor compounds on a well-behaving surface. For instance, the oxidative
deposition of an atomic layer of sulfur atoms on top of Ag(111) surface is:

Ag(111) — Spg + 2~ 5 Ag(111) + S*~ (1)
where S, refers to the sulfur adlayer. The UPD provides a surface limited deposition process,

which is characterized by a potential more cathodic than the bulk deposition. The latter is
defined by means of the Nernst equation:

RT as
ESZ’/S = ESZ’/S + 2F n (0152) @

Considering the experimental observation of the potential shift provided by a UPD process, a
heuristic extension of the Nernst equation can be proposed:

a M(G)]

aszf

RT
Eg . =Ep )+ Eln{ 3)

where ag (0) is the activity of S atoms adsorbed on Ag(111) as a function of the coverage 0.
Rearranging Egs. (2) and (3) we obtain the underpotential shift, AE;;pp [10]:

RT asa (9

which is, incorrectly, independent from the activity of the sulfide anions. This heuristic
approach, though enabling an intuitive description of the UPD process, does not take into
account other terms such the local defects of the electrode surface, and the mutual interactions
between solvent, surfaces and anions.

A more accurate description of the UPD thermodynamics can be formulated in the framework
of the ideal polarized electrode. Following this approach, the substrate (i.e. Ag(111)) on which
UPD takes place is in contact with the electrolyte solution (sol) containing S*>~, Na* and X~ ions
and solvent (H,O). From a theoretical standpoint, the electrolyte solution can be considered in
contact with a reference electrode reversible with respect to a general anion X™. The phases
relevant for the present analysis are the Ag(111) surface, the solution (sol), and the interphase
(IP) between the substrate and sol. Each phase, j, is described thermodynamically by the Gibbs
energy, G, which is a function of the variables T (temperature), P’ (pressure), A" (interfacial

area) and N]; (amount of matter of the i species):
G = GJ'(TJ‘,PJ’,A’P,N{) 5)

The total derivative of the Gibbs energy gives [10]:
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dG = dG =y"dA" + " 9T — VIdP 4 |JaN; (6)

where y'" is the surface tension of the interphase, S the entropy, V' the volume and U the
chemical potential.

Let us now consider a solution of Na,S in NaOH buffer solution (i.e. pH = 13) at constant T, P".
The main charge transfer equilibrium is:

S2. S S )

where sol refers to the liquid phase and el refers to the electrode. The corresponding electrocapillary
equationis[11, 12]:

—dy"" = Tg dug + Toy-duy + s dp§ — 4;,,dE ®)

where E is the potential referred to the reference electrode and it is defined by means of the

chemical potential T, . dyf\‘}fﬁ. According to this latter definition, g;,, is the surface excess of the

electric charge density:

d IP
Tion = <g—E) (HSDI § Mé’) 9)

2 Hon—>

P

o and FISP are the relative excess of Na* and S*>~

also known as Lippmann equation. Ty, , T
with respect to H,O (solvent):

$> AlP

1 Nso{ NIP
e _ [ {51; e leo (10)
NSO
H,0
It is important to notice that Eq. (10), in the Gibbs theoretical framework, is not a mere change
of variable. In fact, the amounts of matter (Ni”) depend on the arbitrary definition of the
interface while the relative excess of matter (I'}') is independent of the area and the thickness
of the interface. Moreover, the contribution of the formation of the S adlayer is described by the

term dy'". In this context, using the following well-known equation for the chemical potential
in the case of complete dissociation:

u = py + RTInag- (11)
wsl = ud® 4+ RTInaoy- (12)
g =yl +RTIn 65 (13)

where a is the activity in the liquid phase and 0 is the fractional amount in the solid phase. In
this framework the relationship between activities and surface tension is well represented by
the following:
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1 a,)/IP
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OH T \Olnaoy- (wfz’,,e‘;lﬂwn) v
1 a,yIP
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RT a ln QS <H:’217 .ﬂ%’;_ﬁ 7qian>
d IP
E= (L) v
i (@;ﬁ AT 79?)
Hence, the surface tension depends on the activity of the chemical species:
- (18)
(1,120217 ,ﬂg;_r ;vaqi(m)

Therefore, upon the integration of Eq. (8), an extension of the Nernst equation can be obtained
substituting Eqs. (11)—(13) and (18):

r'® RT ' RT r'’rRT 1
s* Inag- + “OH " Inaoy- +—2——1In Qs + — y — 90
(a?’éi 7['150[7;{* 796517%0)1)

ion ion ion qion

E=E+ (19)

where
e FEYis the standard potential of the electrode with respect to the reference electrode,

Iy RT

Inag- takes into account the effect of the activity,

ion

1P
° Mlﬂ aon- takes into account the effect of the pH, constant in a buffer solution,

won

1P
I'PRT

In Os takes into account the effect of the surface coverage: Os=1 for bulk phases, 05

ion

the fractional amount for compounds and the coverage of adlayers,

o [y (assozl, ., 0%, qion) - yo] takes into account the interaction with Ag(111),

Tion

Eventually, we should state that Eq. (19), in principle, takes into account all the effects
neglected by Eq. (3), thus describing the equilibrium of a system defined by three components,
as predicted by the phase rule. Experimental observations suggest that the potential of the
UPD process of sulfur depend on the concentration of sulfur atoms (as-), the pH (apy-) and the
coverage of the adlayer ( 05).
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3. E-ALD of metal chalcogenides

E-ALD of metal chalcogenides involves sequential SLR of metal and chalcogenides ions.
Except for few cases, the choice of chalcogenides as first layer is preferred for its higher affinity
for silver and to avoid alloy formation with the electrode substrate [2]. In the E-ALD method-
ology a monolayer of the compound is obtained by alternating underpotential deposition of
the metallic element with the underpotential deposition of the non-metallic element in a cycle,
so the thickness of deposited film is a function of the numbers of deposition cycles. Figure 2a
shows the cyclic voltammogramm of 0.5 mM Na,SeO; on Ag(111) and of ZnSO, on Se-covered
Ag(111). The cathode peak Cs. at —0.95 V corresponds to the bulk reduction of the Se. At more
negative potentials hydrogen evolution prevents the detection of the Se,q reduction. Zn
adlayers deposited on a Se-covered Ag(111) show a CV profile shifted to more positive
potential with a reduction peak Cz, at —0.65 V. To prevent Se dissolution, the operating
potential for the surface limited deposition of Zn on Ag/Se should be more positive than Cge.
Anodic stripping analysis as a function of the applied potential allow to choosing the optimal
conditions for the UPD process, which in this case is in the range — 0.95 < E < —0.8 V, where a
plateau at Q = 60 uC cm™? is observed (see Figure 2b). Alternate depositions of both chalco-
genide and metal can be repeated as many times as necessary to form a compound with the
desired thickness and composition. Figure 2c shows the charges involved in the layer-by-layer
growth of Zn and Se in a 1:1 ratio.

26 i 80
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Figure 2. (a) Cyclic voltammograms of (—) Se on Ag(111) and (—) Zn on Se-covered Ag(111) in ammonia buffer solutions
(pH 9.2); (b) charges involved in the stripping of Zn, underpotentially deposited on Ag(111)/Se,q, as a function of the
deposition potential; (c) charges involved in the striping of (O) Se and (o) Zn as a function of the number of E-ALD cycles.
The solid lines represent the linear fit to the data.

4. Flow cell apparatus and experimental conditions

E-ALD thin films of metal chalcogenides were grown on silver single crystal disks using an
automated deposition apparatus consisting of Pyrex solution reservoirs, solenoid valves, a
distribution valve and a flow-cell [2]. The solutions contained in the Pyrex reservoirs are
previously degassed and then constantly kept under a nitrogen pressure p(N,) = 0.3 atm.
Figure 3a shows the distribution valve with seven solution inlets, in the top, and one solution
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Figure 3. (a) Distribution valve and (b) electrochemical cell.

outlet, in the front. The solution is pushed to the distribution valve by the N, overpressure.
The inlet of the solution is blocked by a piston of the distribution valve, which is tightly held
in place by a spring. The piston can be raised by opening the solenoid valve and sending
compressed air at 6 atm, which is higher than the pressure exerted by the spring. The piston
is raised enough to allow the solution to flow into the cell. Different solutions are pushed to
the cell following the desired sequence by acting on the corresponding solenoid valves.
The nitrogen pressure exerted on the solutions determines a flow rate of about 1 mL s™*. All
operations are carried out under computer control.

The electrochemical cell (Figure 3b) is a Teflon cylinder with a height of 40 mm, an internal
diameter of 10 mm and external diameter of 50 mm. The working electrode at the bottom of the
cylinder and the counter electrode on top delimit the electrochemical cell volume (1.6 mL). The
solution inlet and outlet are placed on the side walls of the cylinder; for hydrodynamic reasons,
the inlet is inclined. The working electrode was silver disks cut according to the Bridgman
technique [13]. The counter electrode was a gold foil, and the reference electrode was an Ag/AgCl
(saturated KCl) placed in the outlet tubing. Leakage is avoided by pressing both the working and
the counter electrode against a suitable Viton® O-ring. All potentials reported in the paper are
quoted with respect to the Ag/AgCl (saturated KCI) reference electrode.

5. E-ALD of binary M,S, semiconductors on Ag(111)

E-ALD technique has been successfully used to fabricate ultrathin films of metal sulfides on
silver electrodes by alternating the underpotential deposition of metal and sulfur. These com-
pounds include cadmium sulfide (CdS) [2, 14, 15], zinc sulfide (ZnS) [2], nickel sulfide (NiS) [4],
lead sulfide (PbS) [16], copper sulfides (Cu,S) [17, 18] and tin sulfides (Sn,Sy) [19]. A typical E-
ALD cycle includes the underpotential deposition of sulfur followed by the surface limited
reaction (SLR) of metal on S-covered Ag. The UPD of sulfur on crystalline and polycrystalline
silver have been extensively investigated in the past [20—22]. Electrochemical measurements on
Ag(110), Ag(100) and Ag(111) show that sulfur UPD deposition processes differ significantly on
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the three silver facets and in situ STM experiments have evidenced the presence of differently
ordered sulfur structures depending on substrate orientation. The formation of the first layer of S
on Ag(100) and Ag(110) occurs at a potential of E = —0.8 V in pH 13 solutions, whereas on Ag
(111) it was obtained at E = —0.68 V in ammonia buffer (pH 9.6). Proceeding toward more
positive potentials in the presence of sulfide ions resulted in bulk sulfur deposition. Cyclic
voltammogramms performed in Na,S solutions revealed two distinct behaviors. While on Ag
(100) only two broad anodic peaks at —1.32 and —1.15 V were observed, cycling the potential on
the other two faces resulted in a more complex behavior, with a sharp anodic peak occurring at
E=-1.06 and E = —0.78 on Ag(110) and Ag(111), respectively. The charges associated with the
UPD deposition of S in the first layer, as calculated from chronocoulometry experiments, were
137uC cm ™2 for Ag(100), 163uC cm > for Ag(110) and 189uC cm > for Ag(111). Although the
growth of M,S, on silver electrodes follows an oxidative-reductive behavior in all cases, SLR of
metal layers depends on the semiconductor type and solution conditions.

5.1. E-ALD of PbS and NiS

Lead sulfide (PbS) and nickel sulfide (NiS) are binary semiconductors that have received
considerable attention for a variety of applications, such as detectors [23], sensing materials
[24] and solar cells [25]. A complete electrochemical study of PbS multilayers has been
reported by Fernandes et al. [16]. The Pb,q cannot be formed on S-covered silver electrodes
because of partial redissolution of sulfur. So the first layer is the Pbypp deposited on Ag(111),
this was obtained from 5.0 mM Pb(NO3), solutions in acetic buffer at pH 5 by scanning the
potential from —0.2 to —0.45 V. Two well-defined peaks were observed at —0.35 and —0.29 V
for the deposition and the dissolution of Pb monolayer, respectively. Next, the underpotential
deposition of S on Pb-covered Ag(111) was obtained by scanning the potential from —1.0 to
—0.70 V in 2.5 mM Na,S solutions in ammonia buffer. The constancy of the anodic stripping of
Pb deposited at —0.45 V and at different accumulation times ensures the process is surface
limited, giving rise to a charge of 332 uC cm™ > for the first layer. Successive sulfur and lead layers
resulted in a linear growth with an average charge per cycle of approximately 83 uC cm %
Morphological analysis by ex-situ AFM measurements revealed the deposits consisted of homo-
geneous films of PbS small clusters.

Differently from lead, underpotential deposition of nickel on bare Ag(111) is not possible due
to weak adhesion with the electrode substrate and competing surface phase transformations
[26]. On the contrary nickel presents a well-defined surface limited reaction on S-covered Ag
(111), showing cathodic and anodic peaks at —0.52 and —0.22 V, respectively. UPD layers of
nickel were obtained from NiCl, in boric acid solutions (pH 6.5) at E = —0.6 V. The amount of
sulfur, as determined by separate anodic stripping experiments, was found to increase linearly
with the number of the deposition cycles. Conversely, the stripping of nickel was less precise
due to the formation of oxide and hydroxide films with the increase in layer number [27].
Despite these limitations the charges of both Ni and S showed a quasi-linear layer-by-layer
growth with slopes of 53 uC cm > for Ni and 58 uC cm ™2 for S. Morphological analysis by
AFM indicated a decrease of average roughness with aging, thus suggesting the formation of a
passivation layer with time, which was later confirmed by XPS analysis.
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5.2. E-ALD of CdS, ZnS, 5n,S, and Cu,S

Cadmium, tin, zinc, and copper are metals that form strong interactions with sulfur ions, thus
generating binary semiconductors with peculiar transport and electrical properties. Cadmium
and zinc sulfides have been among the first binary semiconductors to be deposited by means
of E-ALD due to favorable electrochemical characteristics.

UPD deposition of CdS has been investigated on silver single crystals exhibiting different
orientations, that is, Ag(111), Ag(110) and Ag(111) [14, 15].The well-defined structures of Sypp
formed on silver electrodes in Na,S ammonia buffer solutions drive the epitaxial deposition of
the subsequent Cd layer. After washing out the sulfur ions in excess, UPD of cadmium is
performed by holding the potential at —0.68 V on S-Ag(111) and at E = —0.6 V on the other
two faces. The procedure used to obtain further alternate S and Cd layers is identical with that
used for the Ag/S/Cd structure. The average values of the charge deposited in each E-ALD
cycle were 103 uC cm ™2 for Ag(100), 85 uC cm 2 for Ag(110) and 70 uC cm > for Ag(111). Ex
situ XPS analysis confirmed the presence of cadmium and sulfur in a 1:1 stoichiometric ratio
[28, 29].

Similarly to cadmium sulfide, E-ALD of ZnS thin film were grown on silver electrodes by first
depositing sulfur at E = —0.70 V from Na,S solution, and then injecting ZnSO, solution while
keeping the electrode at the same potential to deposit Zn underpotentially. Plots of the charges
for Zn and S measured in the stripping of ZnS deposits were linear, with a slope of 67 uC cm 2
for Zn and 75 pC cm 2 for S [2].

Differently from CdS and ZnS, the other two metal sulfides (Cu,S and Sn,Sy) exist in different
stoichiometric ratios and morphologies; their interest in E-ALD growth relies on the tunable
transport and electronic properties by changes in composition, x and y [30, 31].

The surface limited reaction of Sn,S, has been thoroughly studied by Innocenti et al. [19] both
on bare and on S-covered silver substrates. Electrodeposition of tin on bare silver showed two
anodic peaks, E.; = —0.70 V and E, = —0.48 V, the latter ascribed to the formation of Sn(IV)
hydroxides. Differently, on S-covered Ag(111) the reduction peak was seen at lower potentials,
E.=—0.61V, thus suggesting true underpotential deposition mechanism. Independently from
the deposition time, the charge involved in the oxidative process remained nearly constant,
thus confirming a surface limited process.

Thin films of copper sulfides were fabricated on silver substrates through E-ALD. Although
surface limited the layer-by-layer growth of Cu,S was found not to be a true UPD process like
for the other metal sulfides. As reported by Innocenti et al. [17] the electrochemistry of copper
on S-covered Ag(111) is quite complex. Cyclic voltammograms as obtained by sweeping the
potential between —0.05 and —0.55 V in 1 mM Cu(II) solutions in ammonia buffer revealed the
presence of two cathodic peaks, E; = —0.39 V and E, = —0.42 V. While the latter was easily
associated to the bulk reduction of Cu(Il) to Cu(0), the nature of the first cathodic peak is still
under debate, except for the fact that it precedes bulk deposition. More-in-depth electrochem-
ical analysis suggests the process is surface limited in the range —0.3 to —0.38 V and it involves
the formation of Cu(0) through the two-step reduction of cupric tetra-amino complex and the
subsequent conproportionation reaction:
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Cu(NH3);" + e~ — Cu(NH3)5 + 2NH; (20)
Cu(NHs); + e~ — Cu(0) + 2NH; 1)
Cu(NH3)2" + Cu(0) — 2Cu(NHs); (22)

The amount of Cu deposited in a given number of cycles was determined by measuring the
charge involved in the anodic stripping. The authors found the charges were linearly increas-
ing with the number of deposition cycles with a slope of 44 uC cm 2. XPS results confirmed
the valence states of copper and sulfur as Cu(l) and S(—II), respectively, although a possible
fraction of S(—I) in the form of disulfide anion was not excluded. The experimental Cu/S ratio
observed in the XPS characterization was later attributed to the covellite phase, where positive
holes allow Cu ions to be stabilized in their monovalent state [32]. The morphological analysis
by AFM was able to evidence the low roughness values of the deposits, thus confirming the
high homogeneity and good quality of the thin film obtained.

5.3. E-ALD of ternary M\N.,S

The interest in cadmium, zinc, tin, and copper sulfides has increased in the last 10 years due
to the possibility to fabricate ternary semiconductor compounds, thus allowing fine control
over the band gap energy of solar cell devices [32-34]. E-ALD method has been successfully
employed to grow ternary materials such as Cd,Zn,.,S [35, 36], Cu,Zny.,S [5] and Cu,Sn,S,
[33]. These semiconductors were prepared by sequential deposition of the corresponding
binaries; for instance, alternate deposition of Cu,S and Sn,S, was carried out to form Cu,Sn,S,.
Because of the large variety of the possible (x:y:z) combinations research on E-ALD of
multinary kesterite group thin films, although challenging, is quite promising for the develop-
ment of non-linear electro-optic devices and photovoltaic cells. Depending on the adopted
sequence profile only certain combinations were attainable, thus limiting the possible metal-
to-metal stoichiometries. The electrochemical behavior of Cu,Sn,S,, Cu,Zn,.,S and Cd,Zn;.,S
thin films is separately discussed below.

Di Benedetto et al. [33] investigated the electrodeposition of Cu,SnS, thin films exploiting
different sequences of E-ALD cycles, that is Ag/S[(Cu/S)/(Sn/S)j], with k =1, j =1, 2 and
1 <n < 60. Surface limited deposition of Cu and Sn occurred, respectively, at E = —0.37 V and
E = —0.68 V in ammonia buffer containing EDTA. As already reported for binary sulfides Sypp
layers on Ag(111) and on metal were obtained by keeping the potential at E = —0.68 V in Na,S
ammonia solutions. Stripping analysis of the ternary sulfides yielded a large and well-defined
peak centered at E = —0.22 V (Cu stripping), preceded by a broader peak at —0.43 V (Sn
stripping). Charges involved in the stripping of both metals (Sn + Cu) and S allowed defining
the effective layer-by-layer formation of a ternary compound with a slope of 42 uC cm™?,
which is very close to the value obtained from the stripping of the binary CuS compound
[19]. The chemical composition of Ag/S[(Cu/S),/(Sn/S);], deposits were analyzed by means of
SEM, XPS and TOF-SIMS [37]; the ex-situ characterizations have highlighted the nominal
stoichiometry is not respected leading to Sn/Cu ratio equal to 1/13 and 1/9 for j = 1, and 2,
respectively. Independently from Sn/Cu ratio the morphology of the growing films, as revealed



E-ALD: Tailoring the Optoeletronic Properties of Metal Chalcogenides on Ag Single Crystals
http://dx.doi.org/10.5772/intechopen.71014

by AFM measurements, were found to be homogeneous and similar to the bare Ag(111).
Conversely, the band gap values, carried out by diffuse reflectance spectroscopy, decreased
with the increase in thickness and Cu/Sn ratio ranging from 2.12 for n = 60, j = 2-2.43 eV for
n=20,j=1.

As for the Cu-Sn-S system the experimental conditions to grow ternary cadmium and zinc
sulfides on Ag(111) with the E-ALD were by alternating the underpotential deposition of the
corresponding binaries (CdS and ZnS) [36]. The potential chosen for the deposition of S and Zn
was —0.65 V, whereas different series of experiments were carried out depositing Cd in corre-
spondence to the first (—0.5 V) or to the second UPD (—0.65 V). The authors investigated the
electrodeposition of Cd,Zn;.,S thin films exploiting different sequences of E-ALD cycles, that is,
Ag/S[(Cd/S)/(Zn/S)}n withk=1,j=1, 2,5 and 1 <n < 20. The charge involved in the stripping
increases linearly with the number of deposition cycles. Yet, the slope of the plot decreases while
increasing the number of ZnS cycles per CdS cycles, that is, 89, 67 and 52 uC cm™ > for j =1, 2
and 5, which reflect the higher percentage of Zn in the deposit. The chemical composition of
Cd,Zn;.,S thin films, as analyzed by XPS have highlighted the nominal stoichiometry is not
respected leading to Zn/Cu ratio equal to 1/3, 1/2 and 2 for j =1, 2 and 5, respectively. However,
regardless of the stoichiometry of the obtained ternary compound, the charge involved in
cathodic stripping was equal to the charge involved in the anodic one, thus indicating the right
1:1 stoichiometric ratio [35].

The low contribution of Zn in Cd,Zn;_,S compounds was also found to occur in the Cu-Zn-S
system. Ternary Cu,Zn,S compounds were obtained through the E-ALD method by alter-
nating deposition of Cu,S and ZnS layers. Innocenti et al. [8, 38] studied the electrochemical
and compositional behavior of Cd,Zn;.S thin films by applying the general sequence Ag/S/
[(Cu/S)/(Zn/S) )] with j =1, k=1,5,9, and 1 < n < 60. As for other binary and ternary
compounds UPD sulfur layers were obtained by keeping the electrode potential at

= —0.68 V for either on bare Ag(111) or on Ag(111) already covered by a metal layer.
Deposition of Cu and Zn occurred in ammonia buffer at —0.37 and —0.85 V, respectively.
Stripping analysis revealed the charge involved in (Cu + Zn) deposition followed a non-
linear increase with the number of cycles. Moreover, samples containing higher percentage
of Zn had lower slope, thus indicating a lower extent of deposition in each cycle; a Cu/Zn
ratio of about 6 was found for j =1, k =1, and n = 40. From the plot of charges against the
number of deposition cycles (n) we expect a ZnS:CuS equimolar ratio for n = 13. Zn defi-
ciency upon increasing the cycles is due to partial redissolution of zinc during the E-ALD of
copper, thus causing a rearrangement in the adlayers. Independently from the Cu/Zn ratio,
ex-situ investigations highlighted at least two prevailing morphologies, the first one homo-
geneously covering the Ag(111) surface, and the second one consisting of random network of
nanowires of variable length [8].

6. E-ALD of binary M, Se, semiconductors on Ag(111)

The E-ALD of metal selenides (M,Se,) on monocrystalline surfaces usually starts with the
deposition of a selenium monolayer by using selenite, Se(IV), as a precursor salt. Differently
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from sulfur deposition the oxidative UPD of Se is not allowed due to the low stability of
selenite solutions. According to the work by Rajeshwar et al. [39] the electrochemistry of Se
(IV) is quite complex. The direct reduction of Se(IV) to Se(0) is attributed to the formation of the
electroinactive gray Se, which forms a stable deposit:

H,S¢03 + 4H" +4¢~ — Se+3 H,O (23)

Instead, the electroactive form of Se(0), usually referred as red Se, is obtained through a first
reduction of Se(IV) to Se(—1I) followed by a comproportionation reaction [40]:

H,Se03 + 6HT + 6¢~ — HaSe + 3 H,O (24)
H,Se05 + HySe — 3Se + 3 H,O (25)

In ammonia buffer (pH 9.3), the presence of the electroactive red Se is evident for E < —0.95 V
through the reduction Se(0) — Se(—II), and around E = —0.8 V through the oxidation Se
(0) — Se(IV). Adlayers of Se on the electrode surface, Se,q4, are formed through a two-step
procedure involving the deposition of an excess of Se(0) from Se(IV) solutions, followed by the
reduction of bulk Se at sufficiently negative potential (E = —0.95 V). The reduction must be
performed in the absence of Se(IV) to avoid the comproportionation reaction with Se(—II)
leading to a massive formation of Se(0). The STM investigation at potential more negative than
the bulk reduction peak has shown two distinct structures. The layer at more positive poten-
tials has a (V7 x V7) R19.1° structure, with an associated charge of 65 pC cm™?, whereas at
more negative potentials it has a (2 V7 x 2V7) R19.1° structure, with an associated charge of
48 uC cm > [41].

6.1. E-ALD of CdSe and ZnSe

Cadmiun selenide is a promising material for application as thin film solar cells [42, 43],
quantum dots [44, 45] and p-n junctions [46, 47]. ZnSe is an ideal candidate for optoelectronic
devices, especially blue laser and blue emitters.

The E-ALD methodology has been successfully used for the growth of CdSe and ZnSe on Ag
(111) [48, 49]. For the growth of CdSe, Se,q was deposited from a 0.5 mM Se(IV) in a pH 8.5
ammonia buffer solution for 30s at a fixed potential E = —0.9 V; then the solution was replaced
with the supporting electrolyte alone, and a potential E = —0.9 V was applied for 60s to reduce
the bulk Se(0). The reductive underpotential deposition of Cd from a 1 mM CdSO, in a pH 8.5
ammonia buffer solution on a Se-covered Ag(111) substrate, has 2 peaks. A well-defined UPD
peak is observed at E = —0.41 V, whereas the beginning of a second UPD peak is observed at
E =—0.69 V. The second UPD peak cannot be completely recorded, since it overlaps bulk Cd
deposition and it can never be isolated from bulk Cd deposition. The optimal conditions for
the adlayer formation of Cd on Se-covered Ag(111) are by keeping the electrode at E=—0.55 V
for 30 s. The plots of the charges for Cd and Se stripping as a function of the number of ECALE
cycles are linear, with an average charge per cycle of approximately 75 uC cm ™. The coinci-
dence of the charges associated with each layer of Cd and Se gives a 1:1 stoichiometric ratio
between the elements as expected for CdSe.
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For the growth of ZnSe, Se,q was deposited from a 0.5 mM Se(IV) in a pH 9.2 ammonia
buffer solution for 60 s at potential —0.95 V; then, the solution was replaced with the
supporting electrolyte alone, and a potential E = —0.95 V was applied for 60 s to reduce
the bulk Se(0). The Zn UPD on a Se-covered Ag(111) is obtained at E = —0.8 V for 30 s
from 1 mM ZnSO, in a pH 9.2 ammonia buffer solution. Once the deposit was formed, the
amount of elements deposited in a given number of cycles was estimated from the charge
involved in their stripping. The plots of the charges for Zn and Se stripping as a function
of the number of cycles are linear, with a charge per cycle of 61 uC cm 2 for Zn and
63 uC cm? for Se.

6.2. E-ALD of Cd,Zn;.xSe

The electrochemical conditions necessary to form CdZnSe deposits by E-ALD on Ag(111) are
described in the works by Loglio et al. [36, 50]. The first atomic layer on Ag(111) is obtained by
SLR of selenium, as previously described. The UPD deposition on Se-covered Ag(111) from
ammonia buffer of Cd would cause Zn redissolution. To shift Cdypp toward more negative
potentials it is necessary to use a stronger complexing agent, that is, 0.1 M pyrophosphate in
0.01 M NaOH, and slightly shifting the Zn UPD toward more positive potentials using acetic
buffer at pH 5.0. The experimental procedure to obtain Cd,Zn; _ ,Se with different x values
consists of alternating ZnSe and CdSe ECALE cycles with different deposition sequences. The
reductive UPD of Cd on a Se-covered Ag(111) substrate, from a 1 mM Cd(II) solution, was
obtained by applying a potential E = —0.7 V for 60 s. In an analogous way, ZnSe was obtained
by depositing Zn, from a 1 mM Zn(II) solutions, at E = —0.8 V. The stripping analysis of the
compound obtained with 100 deposition (CdSe + ZnSe) cycles revealed a very high percentage
of Cd (74%).

The most effective way to increase the amount of Zn in the deposit consists of deposit-
ing more ZnSe cycles per CdSe cycle. The x stoichiometric parameter is a linear function
of the ZnSe/CdSe sequence; x = 0.5 was obtained with the ZnSe/CdSe sequence equal
to 5.

The charge involved in stripping the cations equals the charge involved in stripping the anions,
thus confirming the right 1:1 stoichiometric ratio calculated from XPS data. The charge per
cycle changes while changing the ZnSe/CdSe sequence, a minimum at x = 0.5 is observed, with
two symmetrical branches around the minimum. When the percentage of Zn in the compound
is approximately equal to that of Cd, the different structures (Zincblend and Wurtzite) are
present in a comparable amount, thus suggesting a structural disorder that could be responsi-
ble for a reduced amount of deposition.

7. E-ALD of M, Te, semiconductors on Ag(111)

The E-ALD of metal tellurides, M, Te,, on monocrystalline surfaces starts with the deposition of
tellurium. As in the case of selenite, telluride solutions are not stable, so the oxidative UPD is
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not allowed. Te(IV) reduction occurs following two possible schemes [51, 52]. A stable Te
deposit is formed upon direct reduction of Te(IV)

HyTeOy +3H" +4e~ — Te+2 HyO (26)

or through a two-step process involving the reduction of Te(IV) to Te(—II) followed by a
comproportionation reaction

HyTeO; +5H" +6e~ — HyTe + 2 HyO (27)

H,TeOF + 2H,Te — 3Te +2 H,O + H* (28)

The TeO, in ammonia buffer solutions (pH 8.5) on Ag(111) shows a large reduction peak at

= —0.4 V, which is only observed during the first scan from —0.1 to —0.9 V. Integration of the
peak yields a charge of about 370 uC cm 2. Due to the high irreversibility of the system, the
reoxidation of the underpotentially deposited Te is prevented by silver oxidation, so the Te
UPD peak disappears in the successive CV scans. At about —1.1 V only bulk Te(0) reduction
occurs. Te UPD layer starts the reduction at potentials more negative than —1.5 V because of
higher bonding energy with the silver substrate.

So, the Te,q can be obtained through UPD reduction before bulk deposition or in a two-step
process: deposition at a potential of —0.6 V of small excess of bulk Te, followed by the
reduction of bulk Te (but not Te,q) at a potential of —1.4 V.

7.1. E-ALD of CdTe

CdTe deposition on Ag(111) was obtained by E-ALD method [53], alternating UPD of tellu-
rium and cadmium. The formation of the first layer of Te on Ag(111) is obtained by a two-step
procedure instead of the direct deposition before the bulk reduction, previously described.
This choice allows to having the same standard sequence for all cycles, which can be repeated
as many times as desired.

The second step of the ECALE cycle is the underpotential deposition of the metallic element on
the silver substrate covered by the non-metallic element. UPD of cadmium on Te-covered
electrode occurs from 0.5 mM Cd(Il) in ammonia buffer solution at a potential of —0.6 V, more
negative than on bare Ag(111). Cadmium cyclic voltammograms, obtained from 0.5 mM Cd(II)
in an ammonia buffer solution, do not exhibit narrow and sharp peaks as in the case of Te,4. This
finding could be attributed to a partial overlap with a second UPD peak, which in turn cannot be
easily isolated from the concomitant beginning of bulk deposition. The second Te,q4 layer cannot
be obtained by the direct deposition before the bulk reduction, since underpotential deposition
of Te occurs at a more positive potential than Cd stripping. Therefore, the two-step procedure
described above has been adopted. The plots of the charges for Cd and Te stripping as a function
of the number of cycles are linear, with an average charge per cycle equal to about 175 uC cm >
for Cd and 155 uC cm 2 for Te. The ratio Cd/Te determined on the basis of electrochemical
measurements is very close to the 1:1 stoichiometric ratio, which is indicative of a compound
formation. The linear behavior suggests a layer-by-layer growth.
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8. E-ALD of CdS,Se;.« on Ag(111)

Cadmium chalcogenides such as CdSe and CdS are excellent materials for the development of
high efficient and low-cost photovoltaic devices. The small lattice mismatch between CdS and
CdSe allows the formation of cadmium sulfoselenides CdS,Se;. over a wide range of compo-
sitions (0 < x < 1), thus covering the visible solar spectrum from E = 2.44 eV for x = 1 to
E=1.72eV for x =0 [54, 55].

The first ECALE study on ternary CdS,Se;.. compounds has been reported by Foresti et al. on
Ag(111) substrates by alternating the underpotential deposition of CdSe and CdS layers [56]. To
obtain CdSe, cadmium was deposited on Se-covered silver substrates from 1 mM Cd(II) solution
in ammonia buffer (pH 9.6) by applying a potential E = —0.5 V for 60s. The formation of the first
layer of Se on Ag(111) were obtained by a two-step procedure as described before [36]. After Cd
deposition the cell was rinsed with ammonia buffer and the ECALE cycle was then completed by
depositing CdS. The Sypp layer was obtained by applying a potential E = —0.68 V for 60s
followed by washing with ammonia buffer. Finally, the reductive underpotential deposition of
cadmium was attained on a S layer from 1 mM Cd(Il) solutions by keeping the electrode at
E = —0.65 V. The alternated deposition of CdSe and CdS can be repeated as many times as
desired to obtained deposits of variable thickness and composition. The authors investigated
different sequences of E-ALD cycles, that is Ag/[(Cd/Se);/(Cd/S) )] with jik = 1:1, j:k = 2:3 and
1 < n < 100. Independent from the sequence, CdSe deposition appeared to be favored with
respect to CdS growth leading to the formation of sulfoselenides with x = 0.2 and 0.4 for j:k = 1:1
and 2:3, respectively. The charges involved in the stripping increase linearly with the number of
deposition cycles, thus supporting a layer-by-layer growth. Regardless of the stoichiometry of
the ternary compound obtained, the two charges are equal, thus confirming the right 1:1 stoi-
chiometric ratio between Cd and (S + Se). Ex situ AFM measurements as a function of composi-
tion indicated the roughness decreased while increasing the S percentage, which determines a
better deposit. Photoelectrochemical measurements on CdS,Se; . ternary compounds revealed a
monotonic band gap dependence with x, thus confirming the formation of a single homoge-
neous phase.

9. Conclusions

The E-ALD is a very inexpensive method for the production of high-crystalline thin film semi-
conductors. Exploiting Surface Limited Reactions (SLRs) on electrode surfaces allows the
layer-by-layer deposition of different atomic elements. The E-ALD has been successfully used
to grow ultra-thin films of metal chalcogenides on silver single crystals. The electrochemistry
of binary compounds indicates that, with only the exception of the first layer, the charge
associated with each layer of either metal or chalcogenide has the same average value. The
layer in direct contact with the silver substrate can be regarded as an interface between the
metal and the semiconductor electrodeposited on it. Semiconductors grown on Ag(111) by
means of E-ALD are characterized by a high crystallinity of the materials and good
photoconversion efficiencies. The ability to control the thickness of the deposited layers allows
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Figure 4. Experimental band gap values (markers) of ternary compounds as a function of (A) thickness at fixed compo-
sition and (B) Cu ratio at fixed number of S layers, n = 121. The dotted lines are the linear fit to the data.

fine tuning the semiconductor transition energy by varying the number of deposition cycles
(Figure 4A). Moreover, careful design of the growth sequence of ternary compounds direct the

formation of advanced photovoltaic materials having compositionally controlled band gaps
(Figure 4B).
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