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1. Introduction 
 

Over the past four decades, semiconducting materials covered a wide range of 

applications from photovoltaic technology to informatics. In principle we can grow these 

materials starting from the atoms and molecules and assembling them exploiting their 

chemical properties (bottom up approach) or we can carve out the devices from a 

homogeneous material (top down approach). Nowadays the only industrially available 

methods are based on the second approach. In all technological fields where 

semiconducting materials have been applied, a constant development have been carried 

to: 1) reduce the size, 2) improving the structural quality of these materials and 3) 

reducing the impact from either the energetic and environmental standpoints. These 

developments highlighted some of the limits of the top-down approach. 

 

1.1.1. The nanoelectronics industry 

 

The overwhelming majority of the electronic components market is covered by the 

silicon-based microelectronics (or nanoelectronics) devices. This market has been 

remarkably conservative, in the sense that it limited the exploitation of available 

chemical elements to a very small fraction of the periodic table involving always silicon 

as main element. For a long time, after all, the industry focussed more on reducing the 

size of devices, to sustain their increases of performances as they were scaled down than 

in studying new devices and semiconducting materials. Lately, size reduction cannot 

deliver anymore the necessary increases in performance anymore. Thus, the 

exploitation of more elements in the semiconducting devices could be a solution to this 

stagnation of performances. 

Reducing the size of the devices features in the deep sub-100-nm regime, forces the 

industry to face enormous technological and fundamental challenges for the 

conventional scaling methods1–3. For instance, problems such the device size 

fluctuations may affect dramatically key parameters such as the threshold voltage and 

on/off currents. Another issues is related to the possible reduction of the structural 

quality of the materials during the fabrication process which can make the transport 

properties inefficient. Additionally, the implementation of suitable lithography 

techniques and traditional operating facilities might also create an economic barrier to 

continued increases in the capabilities of conventional processor and memory chips1–3. 

Hence, the traditional production techniques present also economic obstacle to their 

further developments. 
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1.1.2. The light emission diode industry 

 

The light emission diode industry have underwent a tremendous increase of its 

production during the last years. Lately, the vast markets of house lightning, computer 

monitors and TV shifted mostly to LED as the lightning part of their products. Thus, these 

markets stimulated the mass production of LED. 

Similarly to the nanoelectronics industry, LEDs are carved out from wafers of layered 

semiconducting materials constituting the p-n junctions exploited for their 

electroluminescent properties.  On the contrary, compare to the nanoelectronics 

industry, a wider variety of chemical elements are involved in the production of LED, 

depending on the properties required for the device. Usually, compound 

semiconductors from In, Ga based phosphide and arsenide represent the main materials 

for LEDs mass production. Hence, after all, the industry is mainly focused on earth-rare 

elements.  

Although, in 2015 the market suffered by overproduction issues, the mass production 

process of LEDs shows several limitations from a sustainability standpoint. The wafer of 

semiconducting materials are cut from an ingot produced by pressurized melting and 

blending of the involved elements. Then the wafer is doped by means of liquid phase 

epitaxy or molecular beam epitaxy obtaining. Several doping layers can be added to the 

wafer obtaining the final p-n junction that will be processed to carve out the LEDs. In 

conclusion, the process is indeed energy-hungry and results in the loss of an amount of 

non-earth abundant elements.  

 

1.1.3. The solar devices industry 

 

The energy predicament due to the impending Hubbert's Peak Oil, combined with the 

environmental consequences of CO2 emissions, indicate the need for a rapid transition 

from fossil fuels to renewable and sustainable energy sources to power the social and 

economic global metabolism4,5. The growing demand of energy represents the main 

driving force of the growth of photovoltaics industry. As found for to nanoelectronics 

industry the market is dominated by silicon based devices. These are manufactured 

exploiting energy-hungry technology as well. Alternative devices based on 

semiconducting compounds i.e. Ga and In arsenide and chalcogenides show a high 

efficiency but they involve non-earth abundant elements. In this context several issues 

are raised: 

- the consciousness of the limits of the actual resources (fossil fuel, Ga and In) 
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- the need of improving the Full Life Cycle Assessment (FLCA) establishing 

environmentally friendly and sustainable productions (i.e. FLCA of Si based 

devices) 

In recent years, kesterites, Cu2ZnSn(S,Se)4, and related materials, attracted a worldwide 

interest as promising materials for energy conversion devices (PV applications), 

encompassing reduced production costs and low environmental risks, in agreement with 

the above mentioned goals6–10. Indeed, many improvements were reached in the 

kesterite thin film technology, mainly concerning the solar cell conversion efficiency, as 

reviewed by Delbos11, with the overall best result obtained by Wang et al. et al.12 and by 

Matsumura group for the electrodeposited kesterite13,14. A systematic effort, in progress 

since some years, is also paid 1) to reduce the high temperatures, conventionally needed 

to obtain the byproducts for kesterite thin film technology15, 2) to establish a synthetic 

protocol scalable up to the industrial production16, 3) to tune the physical proprieties17. 

 

1.1.4. Advantages of the bottom up approach 

 

We could think the bottom up approach would be the favorite approach for the future 

nanofabrication techniques. Unfortunately, the processes based on this approach 

present severe limitation to the uniformity and perfection of bottom up synthesized 

nanostructures if compared to electronic devices carved out of silicon crystals using 

conventional techniques18. However, the advantage of the bottom-up approach is the 

possibility to involve a larger part of the periodic table with more flexibility. This leads to 

devices and fabrication strategies impossible with top-down methods. Many 

technological and economic advantages are thus gained. At this point, the enormously 

challenging problem still remain: we will be able to develop bottom up method able to 

organize this nanostructures and to integrate them into useful systems? 

We can imagine that electronics obtained through the bottom-up approach with an 

atomic-level control of material composition and structure may solve most of this 

thermodynamic conundrum. To be suitable, these techniques should ensure a high 

structural control for the engineering of nanostructures such as quantum dots, quantum 

well, superlattices and thin films still preserving the crystalline properties of the bulk 

material. Although the bottom-up approach is renowned as very favourable for the 

synthesis of such materials in the form of dispersed nanoparticles from molecular 

precursor, it usually involves several steps and the addition of surfactants to the reaction 

environment. Since most of these products, obtained following these pathways, are in 

form of powders, the production of solid state devices requires several steps. In this 

context, electrodeposition has the advantage of the direct production of the films from 
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the molecular precursors. In any case, due to the already mentioned thermodynamic 

limits, electrodeposition hardly results in highly ordered materials. Still, in specific 

conditions electrodeposition enables the assemblage of atomic layers by means of 

surface limited reactions (SLR). SLRs gives the opportunity of exploiting layer by layer 

deposition of different atomic layers, leading to one of the most clean and energy saving 

approaches, Electrochemical Atomic Layer Epitaxy (ECALE)19, for the growth of 

heterostructures. ECALE could be also referred in general as E-ALD (Electrochemical 

Atomic Layer Deposition) since in some cases the growth, though based on 

underpotential deposition (UPD) processes or on any SLR, cannot be rigorously 

considered epitaxial. Hence, E-ALD joins highly ordered products with the direct access 

to the final material in the context of the bottom-up approach in a very clean reaction 

environment. E-ALD has been proven to be very effective for the electrodeposition of 

ultra-thin films of semiconducting materials20. In recent years, thin films of binary21–

24and ternary semiconductors25–28 were successfully obtained. E-ALD requires very low 

energy consumption, diluted solutions, room temperature and atmospheric pressures. 

In principle, these characteristics of the process enable it to be employed for the 

sustainable large-scale production of these materials. This is particularly interesting for 

application in photovoltaics, where the improvements of the FLCA is considered a crucial 

aspect for the possible large-scale production of new materials. In this context, the 

growth mechanism together with a detailed analysis of the structural features of the 

resulting thin films requires an appropriate study and understanding. For this purpose, 

surface analysis techniques play an important role. Among them, Surface X-Ray 

Diffraction (SXRD), with high brilliance synchrotron sources, enables the operando 

structural analysis in electrochemical environment during the ECALE growth, and 

discloses the structural features of such systems during the deposition process. The 

process has been found to epitaxially grow high quality crystal on single crystal surfaces. 

We could say that E-ALD has a good chance to be able to grow and organize 

nanostructures integrating them into useful systems in an easy and sustainable way. 

Starting the exploration of this chance is one of the aims of this work. 
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2. State of the art 
 

2.1. Rise of UPD and ECALE 

 

The Under Potential Deposition (UPD), is a Surface Limited Reaction (SLR) involving a 

surface limited deposition of a particular elements on an electrodic surface. Such 

reaction deposits matter in the range between a fraction of a monolayer and up to more 

than an atomic layer depending on the elements and the conditions involved. UPD has 

been the subject of investigation for over 50 years. Most of the published works at the 

time have been devoted to the investigations of metal ad-atomic layers on foreign 

metals, in particular the flat faces of single-crystal Ag, Au, and Pt. The first indications for 

the UPD phenomenon were given by Haissinsky in his research on the deposition of 

radioactive materials in 193329. This author 30–33 argued that UPD was due to lattice sites 

of the su st ate p ese ti g la ge adso ptio  e e gies so alled a ti e e te s . Fa  
from the upd current denomination, at that time the process was addressed as 

deposition of small metal traces from extremely diluted solutions31,34. In the 1950s, other 

authors started research on this topic, as for example Rogers35–37, Kolthoff38, Haenny 39,40 

and Bowles41–45. These pioneering works regarded the deposition of less noble metals 

on more noble metals. During the 1980s the study of the UPD of chalcogenides on Au 

began to gather attention46.  It was soon established that the deposition of these metals 

or chalcogenides traces was very sensitive to the substrate material. Several authors, 

during the 1990s ex-situ and in-situ STM studies confirmed that the UPD on the surfaces 

of metal single crystals appears to take place with the formation of regular surfaces 

structures at sub- and full-monolayer coverage 47–50. In the case of small lattice mismatch 

between the adsorbate and the substrate, the resulting structures are often 

commensurate, on the contrary systems with a large lattice mismatch are generally 

incommensurate, especially when reaching the monolayer coverage.  Repeating 

different SLRs to deposit alternatively atomic sub- or full-monolayer of different 

elements we can define the electrochemical atomic layer deposition (E-ALD). A 

simplified scheme is reported in Figure 2-1.  
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Figure -  Pi to ial ep ese tatio  of the ai  e ha is  fo  the fi st stages of the E-
ALD g o th of a ge e al MC  hal oge ides: a  the Ag  su fa e,  the hal oge  
la e  da k ello  ato s o  the Ag  depi ted o  the asis of a t pi al geo et  fo  
a Sad, the la k pa allelog a  sho i g the epetitio  oti e fo  a Sad,  the depositio  
of the etal ato s la k  a d d  the g o th of the se o d hal oge  la e . 

Being performed at room temperature and pressure, this approach results very effective 

for the epitaxial growth of metal chalcogenides and more efficient compared to vacuum-

based techniques. When the thin film growth can be rigorously considered epitaxial the 

E-ALD method is referred as Electrochemical Atomic Layer Epitaxy (ECALE). In 1991 the 

concept of E-ALD was introduced by Stickney regarding the ECALE growth of CdTe on a 

flame annealed polycrystalline gold surface[35]. In the following years, several works 

reported the growth of binary and ternary metal chalcogenides on Au an Ag single 

crystals by means of E-ALD. 

 

a b 

c

d

Ag(111)/C/M 

Ag(111)/C/M/C 

Ag(111)/C Ag(111) 

Exchange with a solution 

of chalcogenide ions (C) 

Exchange with a solution 

of metal ions (M) 

Exchange with a solution 

of chalcogenide ions (C) 
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2.2. Sulphides 

 

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 compounds include cadmium sulfide (CdS)21,51,52, zinc sulfide (ZnS)21, nickel sulfide 

(NiS)23, lead sulfide (PbS)53, copper sulfides (Cu2S)24, and tin sulfides (SnxS)54. 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 48,55,56. 

Electrochemical measurements on Ag(110), Ag(100), and Ag(111) show that sulfur UPD 

deposition processes differ significantly on the three silver surfaces  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 (Sad) 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 towards more positive 

potentials in the presence of sulfide ions resulted in bulk sulfur deposition. Cyclic 

voltammogramms performed in Na2S solutions revealed two distinct behaviors. While 

on Ag(100) only two broad anodic peaks at -1.32 V 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 V and E=-0.78 V on Ag(110) and Ag(111), respectively. 

The charges associated with the UPD deposition of S in the first layer, as calculated from 

h o o oulo et  e pe i e ts, e e μC -2 for Ag(100), 163 μC -2 for Ag(110) 

and 189 μC -2 for Ag(111). Interestingly, different coverage has been reckoned for the 

Sad on Ag(111) according to the potential applied. Although the growth of MxSy on silver 

electrodes follows an oxidative-reductive behavior in all cases, SLR of metal layers 

depends on the semiconductor type and solution conditions.   

 

2.2.1. E-ALD of PbS and NiS   

 

Lead sulfide (PbS) and nickel sulfides (NiS) are binary semiconductors that have received 

considerable attention for a variety of applications, such as detectors57, sensing 

materials  and solar cells58.  A complete electrochemical study of PbS multilayers has 

been reported by Fernandes et al.53. The Pbad (lead adlayer)   cannot be formed on S-

covered silver electrodes because of partial re-dissolution of sulfur. So the first layer is 

the Pbad deposited on Ag(111), this was obtained from 5.0 mM Pb(NO3)2 solutions in 

acetic buffer at pH 5 by scanning the potential from -0.2 V to -0.45 V. Two well-defined 
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peaks were observed at - 0.35 V and at -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 -1.0V to -0.70V in 2.5 mM Na2S 

solutions in ammonia buffer. The constancy of the anodic stripping of Pb deposited at -

0.45V and at different accumulation times ensures the process is surface limited, giving 

rise to a charge of 332 μC -2 for the first layer. Successive sulfur and lead layers 

esulted i  a li ea  g o th ith a  a e age ha ge pe  le of app o i atel  μC -

2. Morphological analysis by ex-situ AFM measurements revealed the deposits consisted 

of homogeneous 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 

transformations59. On the contrary nickel presents a well-defined surface limited 

reaction on S-covered Ag(111), showing cathodic and anodic peaks at -0.52 V and -0.22 

V, respectively. UPD layers of nickel were obtained from NiCl2 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 linearly increase 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 number60. Despite these limitations the 

charges of both Ni and S showed a quasi-linear layer-by-layer growth with slopes of 53 

μC -2 fo  Ni a d  μC cm-2 for S. Morphological analysis by AFM indicated a decrease 

of average roughness (smoothing) with aging, thus suggesting the formation of a 

passivation layer (oxide/hydroxide) with time, which was later confirmed by XPS analysis. 

 

2.2.2. E-ALD of CdS, ZnS, SnxS and Cu2S 

 

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 features.   

UPD deposition of CdS has been investigated by means of in-situ Surface X-Ray 

Diffraction (SXRD) experiments on silver single crystals exhibiting different orientations, 

i.e. Ag(111), Ag(110), and Ag(111)51,52,55. The structure of the Sad drives the epitaxial 

deposition of the subsequent Cd layer leading to the formation of multidomain growth 

of greenockite ( 6  61) or hawleyte (  61) depending on the symmetry of the 

surface. After washing out the sulfur ions in excess, UPD of cadmium is performed by 
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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 alternated layers of S and Cd is identical to that 

used for the Ag/S/Cd structure.  The average values of the charge deposited in each E-

ALD le e e  μC −2 fo  Ag ,  μC −2 fo  Ag , a d  μC −2 for 

Ag(111). Ex situ XPS analysis confirmed the presence of cadmium and sulfur in a 1:1 

stoichiometric ratio60. However, Carlà et al. reckoned the thickness of the film by means 

of X-Ray Reflectivity. The results suggest that the overall growth of the film follow a layer 

by layer involving the deposition of half layer of greenockite or hawleyite per each E-ALD 

cycle51. 

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 Na2S solution, and then injecting ZnSO4 solution 

while keeping the electrode at the same potential to underpotentially deposit Zn. Plots 

of the charges for Zn and S measured in the stripping of ZnS deposits were linear, with a 

slope of  μC -2 fo  Z  a d  μC -2 for S53.   

In a different way from CdS and ZnS, the other two metal sulfides (Cu2S and SnxS) exist 

in different stoichiometry; their interest in E-ALD growth relies on the tunable transport 

and electronic properties by changes in composition, x and y62,63.   

The surface limited reaction of SnxS has been thoroughly studied by Innocenti et al.54 

both on bare and on S-covered silver substrates. Electrodeposition of tin on bare silver 

showed two anodic peaks, Ec1=-0.70 V and Ec2=-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, Ec=-0.61 V, 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. 

Interestingly, the surface limited layer-by-layer growth of Cu2S was found not to be a 

true UPD process like for the other metal sulfides.  As reported by Innocenti et al.24 the 

electrochemistry of copper on S-covered Ag (111) is quite complex. Cyclic 

voltammograms as obtained by sweeping the potential between -0.05 V and -0.55 V in 

1 mM Cu(II) solutions in ammonia buffer revealed the presence of two cathodic peaks, 

E1= -0.39 V and E2=-0.42 V. While the latter was easily associated to the bulk reduction 

of Cu(II) 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 electrochemical analysis 

suggests the process is surface limited in the range -0.3/-0.38V and it involves the 

formation of Cu(0) through the two-step reduction of cupric cation and the subsequent 

conproportionation reaction:                           
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Cu2+ + e- ⇒ Cu+ 

Cu+ + e- ⇒ Cu 

Cu2+ + Cu  ⇒ 2Cu+ 

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 

i easi g ith the u e  of depositio  les ith a slope of μC -2. XPS results 

confirmed the valence states of copper and sulfur as Cu(I) 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 

state64.  

 

2.2.3. E-ALD of ternary MxNyS 

 

The interest in the ternary compounds has increased in the last twenty years due to the 

possibility to have a fine control over the band gap energy of solar cell devices64–66. At 

this stage it should be clear that E-ALD can effectively grow binary compound 

semiconductors, but it is able to grow also ternary compounds? This question have been 

raised by the scientific community in the infancy of the E-ALD studies. This was just not 

merely a scientific question but it has natural technological follow-up. The answer to 

question is partially reported by Foresti et. al regarding the successful deposition of 

CdxZnyS 66, CuxZnyS 67 and CuxSnyS 64. These semiconductors were prepared by sequential 

deposition of the corresponding binaries; for instance alternate deposition of Cu2S and 

SnxS was carried out to form CuxSnyS. Recalling the importance of the quaternary 

sulphides discussed in paragraph 1.1.3, we should notice that because of the large 

variety of the possible (x:y) combinations research on E-ALD of multinary kesterite group 

thin films, although challenging, can be explored. Depending on the adopted sequence 

profile only certain combinations were attainable, thus limiting the possible metal-to-

metal stoichiometries. The electrochemical behavior of CuxSnyS, CuxZnyS, and CdxZn1-xS 

thin films is separately discussed below.  

Di Benedetto et al. 64  investigated the electrodeposition of CuxSnyS thin films exploiting 

different sequences of E-ALD cycles, that is Ag/S[(Cu/S)k/(Sn/S)j]n 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 
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SUPD layers on Ag(111) and on metal were obtained by keeping the potential at E=-0.68 

V in Na2S 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  μC -2, which is very close to the value obtained from the stripping of the 

binary CuS compound 24. The chemical composition of Ag/S[(Cu/S)k/(Sn/S)j]n deposits 

were analyzed by means of SEM, XPS, and TOF-SIMS28; 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 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 to 2.43eV 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) [60]. 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 correspondence to the first (-0.5 V) or to the second UPD (-

0.65 V). The authors investigated the electrodeposition of CdxZn1-xS thin films exploiting 

different sequences of E-ALD cycles, that is Ag/S[(Cd/S)k/(Zn/S)j]n with k=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 c les pe  CdS les, i.e  μC -2,  μC - 2, a d  μC -2 for j=1, 2, and 5, 

which reflect the higher percentage of Zn in the deposit. The chemical composition of 

CdxZn1-xS 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 ratio68.  

The low contribution of Zn in CdxZn1-xS compounds was also found to occur in the Cu-

Zn-S system. Ternary CuxZnyS compounds were obtained through the E-ALD method by 

alternating deposition of Cu2S and ZnS layers. Innocenti et al. 66 studied the 

electrochemical and compositional behavior of CdxZn1-xS thin films by applying the 

general sequence Ag/S/[(Cu/S)j/(Zn/S)k)]n 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 E = -0.68 V for either on bare Ag(111) or on Ag(111) already 
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covered by a metal layer. Deposition of Cu and Zn occurred in ammonia buffer at -0.37V 

and -0.85V, 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. By 

means of extrapolation, the authors reported that the 1:1 ratio can be achieved with n 

= 13 meaning a strong deficiency of Zn in the sulfides. Independently from the Cu/Zn 

ratio, ex-situ investigations highlighted at least two prevailing morphologies, the first 

one homogeneously covering the Ag(111) surface, and the second one consisting of 

random network of nanowires of variable length 27,67. 

 

2.3. Selenides 

 

The E-ALD of metal selenides (MxSey) on monocrystalline surfaces usually starts with the 

deposition of a selenium monolayer by using selenite, Se(IV), as a precursor salt. 

Differently 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. 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 (hexagonal selenium – P3121 

No 15269), which forms a stable deposit: 

H2SeO3 + 2 H2Se ⇒ 3 Se + 3 H2O 

Instead, the electroactive form of Se(0), usually referred as red Se (amorphous 

selenium), is obtained through a first reduction of Se(IV) to Se(-II) followed by a 

comproportionation reaction70:                

H2SeO3 + 4 H+ + 4 e- ⇒ Se + 3 H2O 

H2SeO3 + 6 H++ 6 e- ⇒ H2Se + 3 H2O 

In ammonia buffer (pH 9.13) the presence of the electroactive red Se is evident for E<-

. V th ough the edu tio  Se  → Se -II), and around E=-0.8V through the oxidation 

Se  → Se IV .  Adla e s of Se o  the ele t ode su fa e, Sead, are formed through a two-

step procedure involving the deposition of an excess of Se(0) from Se(IV) solutions, 

follo ed  the edu tio  of ulk Se at suffi ie tl  egati e pote tial E≈-0.95V). 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).  
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The STM investigation at potential more negative than that of the bulk reduction peak 

has sho  t o disti t st u tu es. The la e  at o e positi e pote tial alues has a √  
 √  R . ° st u tu e, ith a  asso iated ha ge of  µC cm-2, whereas at more 

egati e pote tials it has a  √    √   R . ° st u tu e, ith a  asso iated ha ge of 
48 µC cm-2. 

 

2.4. Tellurides 

 

The E-ALD of metal tellurides, MxTey, 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 not allowed. Te(IV) reduction occurs following two possible 

schemes71,72. A stable Te deposit is formed upon direct reduction of Te(IV)  

HTeO2
+ + 5H+ + 6e- → H2Te + 2H2O 

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

comproportionation reaction. 

HTeO2
+ + 2H2Te → Te + H2O +H+ 

HTeO2
+ + 3H+ + 4e- → Te + H2O 

The TeO2 in ammonia buffer solutions (pH 8.5) on Ag(111) shows a large reduction peak 

at E=-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 µC 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. Towards more 

negative potentials the deposited Te(0) is reduced to Te(-II). The reduction process at 

about -1.1 V only involves bulk deposited Te(0), since the Te UPD layer is more strongly 

bound to the silver substrate and therefore it starts to reduce at potentials more 

negative than -1.5 V.  So, the Tead 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 Tead ) at a potential of -1.4 V. 
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2.5. The open questions 

 

In the contemporary literature about E-ALD, in particular when developed on Ag(111) 

substrate, several new materials has been successfully growth in the form of ultra-thin 

films (thickness lower than 50 nm). Interestingly, several results are reported lately for 

some binary compound and ternary compounds: 

- Zn deficiency discussed for both the CuxZnyS, Cd1-xZnxS and the Sn deficiency for 

CuxSnyS.  

- the complex morphology revealed by the CuxZnyS and less evidently by Cu2S 

- the thickness of CdS films 

- Uncertain composition of the copper sulphides 

These results raise several questions about the growth mechanism and the structural, 

chemical and physical properties of the thin films obtained by means of E-ALD. In order 

to fully grasp those questions, it should be notice that the literature assumed the films 

grow by the scheme reported in Figure 2-1, repeating the same process for an arbitrary 

number of cycles. On this ground, these results are interesting because they cannot be 

explained in such theoretical framework, hence the actual growth mechanism 

underlying E-ALD is unknown. Layer-by-layer process, at the beginning of the growth 

could be thought to be effectively well described only by SLRs. Intuitively, at a certain 

growth stage it could change, for instance when the solutions interact with a 

semiconducting surface with proprieties differing from the initial Ag(111) metal 

substrate. Moreover, a general discussion of the thermodynamic behind the E-ALD 

process will expect several other factors involved in the determination of the final 

product of each step (Chapter 3).  Hence, the overall E-ALD process is likely to be more 

complex than the results of several consecutive surface process whose outcome does 

not depend on the growth stage. Although, the mechanism at the beginning of the E-

ALD has been verified to be driven by the interaction of the surface, even at an atomistic 

level 48,52,55, the mechanistic characterization of the whole process is completely lacking. 

Under these considerations, one of the aim of this work is to improve the 

comprehension of the complexity underlying the E-ALD process. 

To this aim, a more thorough characterization of the products has to be developed. It 

should be noticed that at the beginning of this research work there was a complete lack 

of knowledge about the structure of most of this compounds, which has only been 

reckoned for CdS. Although, a complete clarification of the structure is limited by the 

extremely low thickness of the thin films and the interference of the substrate. Still, any 
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information about the structure of some of these films can be important per se but can 

help in addressing the questions raised by recent studies.  

Eventually, understanding the structure and the growth process of these films is 

necessary to establish a solid ground where we could explore the actual possibilities of 

the E-ALD. Specifically, to answer the question raised by paragraph 1.1.4: will be E-ALD 

able to grow directly nanostructures with a bottom approach and to integrate them into 

useful systems?  
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3. Thermodynamics of the E-ALD process 
 

For the sake of simplicity and clarity, we will develop the thermodynamics an epitaxial 

E-ALD process (ECALE) with the steps constituted by UPD. In the following, the 

considered exemplar process is the growth of CdS on Ag(111) by means of ECALE. 

 

3.1. Thermodynamics of UPD 

 

Chemically, ECALE exploits UPD to grow the semiconductor compounds on a selected 

surface. For instance, the oxidative deposition of an atomic layer of sulfur atoms on top 

of Ag(111) surface is: 𝐴 − + − ⇆ 𝐴 + − 

where  refers to the sulfur adlayer. The UPD provide a surface limited deposition 

process characterized by a potential more cathodic than the bulk deposition process. 

The latter is defined by means of the Nernst equation: 

−/ = −/ + ( − )   -  

Considering the experimental observation of the potential shift provided by a UPD 

process, an intuitive knowledge of this UPD process can be gained by proposing an 

heuristic (and rough) extension of Nernst by writing: 

−/ 𝑎 = −/ + [ 𝑎  𝜃
− ]      -                                                      

 

where 𝑎  𝜃  is the activity of S atoms adsorbed on Ag(111) as a function of the 

coverage θ. O  this asis, e a  defi e the ua tit   called underpotential 

shift73: 

= −/ 𝑎 − −/ =  [ 𝑎  𝜃
 ]   -                                                     

On this ground, we should expect a  independent from the activity of the 

sulphides anions. However, because of several reasons this is not the case. In fact, there 

are some process not considered in this heuristic approach: 
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1. the lateral and vertical binding energies between metallic adatoms in 

nanostructures and the binding energy between adatoms and the substrate 

2. the energetic influence of local surface defects of the substrate 

3. the binding energies between solvent dipoles and the metallic substrate/ 

nanostructure system 

4. the binding energies of solvated anions with Ag(111) and the S adlayer. 

Still, this heuristic extension of the Nernst equation (equation 3-2) enables an intuitive 

thermodynamic description of the UPD process. A more accurate description of the UPD 

thermodynamics can be formulated in the framework of the ideal polarized electrode. 

In this scheme, 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 . Thus, 

it appears an interphase (IP) between the Ag(111) surface and the solution (sol). From a 

theoretical standpoint, the electrolyte solution can be considered in contact with a 

reference electrode reversible with respect to a general anion −. The phases relevant 

for the present analysis are the Ag(111) surface, the interphase (IP) and the solution 

(sol). Each of them, say the j  phase, is described thermodynamically by an energy 

equation of the type: = ( , , 𝐴 , )                  -                                                                       

where G  is the Gibbs free energy of the system as a function of the variables 

(temperature),  (pressure), A  (interfacial area) and N  (amount of matter of the i-

th species). The total derivative of the energy equation has the well-known form73: =  ∑ = 𝐴 + ∑ − +,            -                                             

Where γIP is the surface tension of the interphase, S  the entropy, V  the volume and μ  

the chemical potential. In a solution of Na2S in NaOH buffer solution (i.e. pH=13) at 

constant , , when only the following charge transfer equilibrium is present:  −  ⇆    
where sol refers to the liquid phase and el refers to the electrode. The corresponding 

electrocapillary equation is74. − = − − +  − − +  −             -                                                      

Where  is the potential referred to the reference electrode and defined by means of 

the chemical potential of +IP dμ + . According to this latter definition, is the 

surface excess of electric charge density: 
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= 𝜕𝛾𝜕 − , − ,                -                                                                     

This equation is renowned as Lippmann equation. Eventually, −IP , −IP  and IP are 

the relative excess of + and −with respect to H O (solvent): 

− = 𝐴 [ − − − ]              -                                                                      

Noticeably, equation 8, in the Gibbs theoretical framework, is not a mere change of 

variable. In fact the amounts of matter (N ) are dependent on the arbitrary definition 

of the interface while the relative excess of matter ( IP) are independent from the area 

and the thickness of the interface. It should be noticed that in this theoretical framework 

the contribution the formation of the S adlayer is described by the term dγ . Using the 

following equation for the chemical potential in the case of complete dissociation: μ −ol = μ −, ol + ln −            3-9                           μ −ol = μ −, ol + ln  −            3-10                                                                          = +  𝜃        -                                                                                  

Where  are the activities in the liquid phase and 𝜃 is the fractional amount in the solid 

phase. The relationship between activities and surface tension is well represented by 

the following. 

− = ( 𝜕𝛾𝜕 − ) − ,𝜃  ,            -                                                                     

− = 𝜕𝛾𝜕 − − ,𝜃  ,             -  

= ( 𝜕𝛾𝜕 𝜃  ) − , − ,             -  

= 𝜕𝛾𝜕 − , − ,𝜃      -  

Hence the surface tension depend on the activity of the chemical species: 

 = − , − ,𝜃  ,     -  

Therefore, upon the integration of equation 3-6, an extension of the Nernst equation 

can be obtained substituting equations 3-9 - 3-11 in equation 3-16: 
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= + − − + −  − +  𝜃 + [ − , − ,𝜃  , −  ]  -          

Where: 

   is the standard potential of the electrode with respect to the 

reference electrode 

 −IP ln −   takes into account the effect of the activity 

 
−IP ln  −  takes into account the effect of the pH ( in a buffer 

solution this activity is constant) 

 
IP ln  𝜃    if no compound is formed with the electrode the 

equilibrium with a new phase (bulk Sulfurs) can be described considering  𝜃 = . When considering the formation of an adlayer its physical 

meaning is the coverage of the surface of the electrode. 

 [ (a − , a − , 𝜃  , ) −  ]  this term takes into account 

the interaction with the Ag(111) surface 

It should be noticed that ∝ (for the oxidation of −). Eventually, we should 

state that equation 3-11, in principle, takes into account all the effects neglected by 

equation  3-2. However, equation 3-11 describes the equilibrium of a system with 4 

constituents ( −, , − and +) with one charge transfer equilibrium. Thus, the 

phase rule allows only 3 variables hence equation 3-17 reduces to different Nernst 

equations according to the conditions of the system considered. The equilibrium of an 

ad-layer with our reference solution (Na2S in NaOH buffer 0.1M) can be described by 3 

variables while the other two can be considered constant. Experimental observations 

suggest that the potential of the UPD process of sulfur depends on the concentration of 

sulfur atoms ( − , the pH ( −  and the coverage of the ad-layer ( 𝜃 .  

 

3.2. Thermodynamics of the E-ALD growth 

 

The thermodynamics framework used to describe the E-ALD growth could be design as 

an extension of the formalism developed for the UPD. In the following, we will refer to 

the epitaxial E-ALD (or ECALE) process for the growth of CdS on Ag(111). Clearly, since 

the composition of the solution changes according to the E-ALD scheme, every step will 

have a specific set of thermodynamic variables in the energy equation. For instance, the 

energy equation for a general n-th cycle depends on a set of chemical potential and 
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relative excess IP. Moreover, it should include additional terms with respect to the UPD 

of the first atomic layer on the substrate (i.e. S/Ag(111)): 

1. Chemical potential and amount of CdS  

2. Strain energy due to the epitaxial relationship with the substrate (Ag(111)) 

3. Displacement energy, for instance the plastic deformation relaxing the 

epitaxial strain 

Resulti g i  the follo i g fo ulatio , : = 𝐴 + ∑ − +, +  ⊗ 𝜎 +  -  

Where  is the strain tensor and σ stress tensor. Their inner product is in general the 

strain energy of the film.  is the energy term due to the formation of displacement 

relaxing the strain. This latter is related to the plastic deformation occurring in the film 

including the formation of defects. In particular the formation of dislocations in the film 

describes roughly the transition from a pseudomorphic layer to a commensurate 

epitaxial layer. In this context the critical thickness can be computed by means of this 

recursive transcendent equation75: ℎ = ln ℎ     3-19 

Where  is a constant dependent on the properties of the film and  on the properties 

of the dislocations. Eventually, is the epitaxial mismatch, as expected, inversely 

proportional to critical thickness which is usually a few nanometers. However, UPD 

processes enabled the growth of adlayers of different coverage that cannot be 

considered pseudomorphic. Such trend be modelled by means of the hereby presented 

dislocations approach expecting a very low critical thickness? Moreover, what is the 

thermodynamic effect of the stress on the morphologies and structures of the resulting 

thin films? Although the effect of the stress accumulated during the growth by means of 

E-ALD is fostered in equation 3-18, these are still open questions. However, in 

paragraphs 5.1 and 5.2 it is showed that the E-ALD growth of Ag(111)/ Cu2S and 

Ag(111)/CuxZnyS occurs with a structural and morphology changes observed while 

increasing the thickness of the film. 
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4. Methods 
 

4.1. Materials and electrodes 

 

Solutions 

The measurements and preparation were performed using analytical grade reagents 

without further purification. HClO4 65% and NH4OH 28% (VWR Chemical) were used to 

prepare the 50 mM [HClO4] and 100 mM [NH4OH] ammonia buffer at pH 9.13.  CuCl2 

∙2H2O, Merck ZnSO4 ∙ H2O, 3CdSO4 ∙ H2O and Aldrich Na2S ∙ H2O  were used as sources 

of Cu, Zn, Cd and S respectively to prepare 0.5 mM solution of each element in ammonia 

buffer. The solutions were freshly prepared just before the beginning of each series of 

measurements.  

Electrodes 

The measurements reported in this study are based on the exploitation of the silver 

single crystals for both ex-situ and operando electrochemical preparations and 

characterization. However, the operando experiments require a higher surface quality. 

Specifically, it is required a more strict crystallographic orientation, a smaller roughness 

and the absence of facets. In all the case reported in this thesis, the Ag(111) electrodes 

were initially prepared according to the Bridgman technique in our laboratory and 

polished by a CrO3 based procedure77–79. When the electrodes were used to perform 

operando experiments an additional step of sputtering-annealing in ultra-high vacuum 

before each operando measurement. In particular, the electrode surface was cleaned 

under Ultra High Vacuum (UHV) conditions by performing several cycles of Ar+ 

sputtering at 1kV followed by annealing at 900 K for about 1 min. The cycles were 

repeated until a sharp Low Energy Electron Diffraction (LEED) pattern was observed and 

no contamination was observable by X-ray Photoelectron Spectroscopy (XPS). 

Automated systems 

All the synthesis were performed exploiting two automated deposition apparatus one 

located at the department of chemistry and on the ID03 beamline at ESRF synchrotron 

(Grenoble)80. Both the automated systems, share a common design consisting of Pyrex 

reservoirs, solenoid valves, a distribution valve and a flow-cell. The software driving 

these systems are based on different programming languages, the one in Florence is 

connected to a computer by a Labview software21. Conversely, the one in Grenoble is 

connected to the control room by means of the SPEC system following the standards of 

the ESRF synchrotron. Moreover, the two apparatus has different the electrolytic cell 
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designs. Specifically, the ex-situ experiments carried at the department of chemistry of 

the University of Florence is more robust but it is not suitable for the operando 

experiment with synchrotron light. The paragraph 4.4 is dedicated to a thorough 

description of the cells designed for the operando experiments at ESRF. Concerning the 

electrolytic cell exploited at the department of chemistry of the University of Florence, 

it consists of a Teflon cylinder (with an internal diameter of about 7 mm and a 42 mm 

outer diameter), whose inner volume was 0.5 ml. The working electrode, Ag(111), was 

on one side and the counter electrode (gold or glassy carbon) on the other side. The 

exposed area of the silver single crystal working electrode is 0.785 cm2. The inlet and the 

outlet for the solutions were placed on the side walls of the cylinder. The reference 

electrode (RE) was Ag/AgCl saturated in KCl, placed on the outlet tube. This cell design 

with the counter electrode facing the working electrode ensures a high homogeneity of 

the deposits and a low ohmic drop. 

 

4.2. Surface X-Ray Diffraction 

 

An electromagnetic wave (EW) interacting with a surface will be reflected, diffracted, 

transmitted and absorbed. Surface X-ray diffraction (SXRD) and X-ray Reflectivity (XRR) 

exploit respectively the diffracted and reflected EW to reckon several physical 

information about the surface and its modification. However, it should be noticed that 

the two phenomena are related in the sense that their effect can be located in the same 

position of the space, with comparable intensity and energy. Hence, they can be 

detected with the same experimental setup depending on the experimental protocol 

applied to the measurement. 

This paragraph delves into the theory of SXRD and the following paragraph (4.3) in the 

theory of XRR. In each paragraph, the focus will be on the separation between the 

physical effect of the X-rays interaction with matter and the information we can obtain 

detecting such effects.  

Every object (not only a crystal) could be an X-ray scatterer and every object could 

provide a diffraction signal reckoning the whole information about the shape of the 

scatterer, i.e. the inverse Fourier transform of the diffraction signal coming from a frog 

could (in principle) reconstruct the exact shape of the frog. Hence, also the inverse 

transform of the signal diffracted by an infinite set of finite and defective iso-orientated 

crystals can deliver more information than the atomic structure of the crystals. This idea 

constitutes the background for the development of a basic comprehension of the origin 
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of the Crystal Truncation Rod (CTR), which represents one of the most interesting 

features studied by SXRD. The CTR can be seen as an extreme broadening of Bragg peaks 

caused by finite size of the crystals. 

 

4.2.1. X-Ray Diffraction: Theory of the diffraction by crystals 

 

Electromagnetic waves scattered by free electrons 

Let consider a free electron (charge e and mass) on the origin of the coordinate system 

in the vacuum and a monochromatic plane EW propagating in the positive direction 

towards the electron, the former described by the following: 

 = −
     -  

where  is the amplitude of the wave and  is the value of the field at position  at 

time . The field induces on the particle a periodic acceleration perpendicular to the 

propagation of the EW: = / = −
    -  

with frequency , generating a secondary EW (diffracted EW) with the same frequency 

(elastic scattering) or a different frequency (inelastic scattering). The former is the 

Thomson or elastic scattering while the latter is the Compton or inelastic scattering. The 

wave generated by the two types of scattering can be respectively described by one of 

the following equations at the position pointed by vector : = −| | − 𝛼
            -  = +  −| | − 𝛼    -  

where  is the phase lag and  the change of frequency due to exchange of energy 

between the electron and the EW. Thomson scattering, involving a set of electrons, 

generates coherent EWs while Compton scattering generates incoherent EWs, hence 

the former could lead to constructive interference between EWs diffracted by the set of 

electrons while the latter cannot. On this basis, we while develop the constructive 

interference conditions for a plane EW diffracted by two electrons. Two electrons are at 

O and at O' the secondary EW are interfering spherical waves. In the meanwhile, let  

and  be the unit vectors associated with the direction of propagation respectively 
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of the primary EW and secondary EW (Figure 4-1 Definition of the reciprocal space 

vectors. 

 

 

 

 

Figure -  Defi itio  of the e ip o al spa e e to s. 

The phase difference between the secondary and primary EWs is: =  ⋅             -  

where = − , thus if the ratio 
| | →  also →  and there will not be any 

appreciable interference phenomena. In the case of molecular and atomic crystals | | is 

the typical length of chemical bond (1-4 Å). Hence, the most suitable EWs for the 

diffraction of crystals are the X-rays.  If there are N electrons along the path of the 

primary EW the total intensity scattered by the electrons is: =  ∑ = ⋅            -  

Where | | = ℎ is the structure factor of the set of N electrons,  is the total 

diffracted intensity by the set of electrons and ℎ is the intensity diffracted by a free 

electron. The latter is constant with an analytical expression called Thomson formula.  | | = ℎ is just a practical way of representing the diffracted intensity of system 

of electrons easily related to the experimental intensity by ℎ. is the amplitude of 

the wave scattered by the electrons at , i.e.  is related to the number of electrons at . When considering a continuum distribution of charges (i.e. an atom) equation 4-6 

has the following integral form: = ∫ ⋅           -  

Electromagnetic waves scattered by atoms 

Although both Thomson and Compton scatterings are simultaneously occurring during 

the interaction between EM and atomic electrons, only the coherent intensity is relevant 

for the diffraction by crystals. Hence, we will focus on the calculation of the amplitude 

due to the Thomson scattering. In the quantum mechanical picture, an electron can be 

 

 𝝀  
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represented by its distribution function = |𝜓 | , where 𝜓  is the wave 

function of the ℎ electron of an atom. In this context, the sum: = ∑ =     -  

is the scattering factor of the atomic electrons at position . Hence, substituting 

equation 4-8 equation 4-7, the atomic scattering factor (or atomic form factor) is:  = ∫ ∑ ⋅= = ℱ[ ]   -  

Where ℱ[ ] represent the Fourier transform of the electron density of the atom. 

 

 

Electromagnetic waves scattered by an infinite crystal 

An infinite crystal can be represented by a Bravais lattice and a motif (i.e. the unit cell). 

The Bravais lattice is defined by a set of translation operations repeating the unit cell to 

map the whole crystal. The unit cell is an arrangement of atoms with symmetry 

properties compatible with the related Bravais lattice. In the adopted formalism a 

Bravais lattice is represented by a sum of Dirac deltas: = ∑ − , ,+∞, , =−∞      -  

Where , ,  a e the positio s of the Di a s deltas i  the oo di ate s ste  , ,  

(generic lattice vector in the direct space). On the other hand, the charge density of a 

unit cell is ( : = ∑ ∑ ,==                   -  

The charge density of a crystal (  is the convolution of equations 4-10 and 4-11: = ∗     -  

On this ground, the structure factor of the unit cell (  is represented by the sum of 

the atomic form factor of the atoms in the unit cell: = ∑ ,  = = ∫ ∑ ∑ , ⋅== = ℱ[ ]  -  

Finally, the crystal can be considered as an infinite motif. Hence, according to equation 

4-13 the Fourier transform of  is the structure factor ( ), namely the amplitude 

of the EW scattered by the whole crystal: = ℱ[ ] =  ℱ[ ]ℱ[ ] = ( , , ) ∑ ( − , , )+∞ℎ, , =−∞   -  
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, , = ℎ ∗ + ∗ + ∗is a generic vector of the lattice represented in the reciprocal 

space. The structure factor of a finite crystal is just the scattering factor for a unit cell in 

the space repeated in the space by the translation rules defined by the lattice.  

Hence, the structure factor for a crystal is non-zero only in specific positions defined by 

the lattice . 

Electromagnetic waves scattered by an infinite set of isoorientated finite crystals 

Let consider a crystal with finite size and a generic form, namely the habitus. The habitus 

of the crystal is rigorously described by the form factor Φ  81: 

𝛷 =  { 𝛷 =  ℎ      ℎ  𝛷 =  ℎ      ℎ    -  

 

Thus the electron density of a finite crystal is: = 𝛷       -  

Consequently the scattering for a finite crystal is: = ℱ[ ] = ℱ[𝛷 ] ∗ ℱ[ ] = ( , , ) ∑ ( − , , ) +∞ℎ, , =−∞ -  

Thus the resulting scattering factor for a finite crystal can be non-zero also outside the 

specific points in the space defined by the lattice. 

Electromagnetic waves scattered by a defective finite crystal 

The effect of a random distribution of defects on a crystal structure can be described by 

a set of non-correlated displacements of atoms positions82,83. Hence for the ℎatom in 

the crystal the position is = , , + . Similarly to equation 4-17, the resulting 

structure factor can be non-zero also outside the specific points defined by the lattice 

as depicted by Figure 4-2. 
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Figure -  S he e of the diff a tio  f o  a  pe fe t stal  a do l  defe ti e 
stal 

Electromagnetic waves scattered by an infinite set of finite crystals 

The interaction with an infinite set of finite crystals (namely the crystallites) with 

different orientations can be described as all the interaction averaged over the random 

orientations des i ed  th ee Eule s a gles 𝜙 , 𝜙 , 𝜙 . To describe the statistical 

weight of each orientation the orientation, its distribution function 𝜙 , 𝜙 , 𝜙  is 

introduced as the volume fraction of crystallites  with a certain orientation: 

8 𝜙 , 𝜙 , 𝜙 𝜙 𝜙 𝜙 𝜙 = 𝜙 ,𝜙 ,𝜙     -  

By definition: ∫ 8 𝜙 , 𝜙 , 𝜙 𝜙 𝜙 𝜙 𝜙 = ∫ 𝜙 ,𝜙 ,𝜙 =    -  

For randomly oriented crystallites the 𝜙 , 𝜙 , 𝜙  is: 

 𝜙 , 𝜙 , 𝜙 =      -  

Fo  a set stallites e uall  o ie ted a o di g to the Eule s a gles 𝜙 , 𝜙 , 𝜙 : 

{ 𝜙 , 𝜙 , 𝜙 =  𝜙 , 𝜙 , 𝜙 : , 𝜙 , 𝜙 , 𝜙 =𝜙 , 𝜙 , 𝜙 ≠  𝜙 , 𝜙 , 𝜙 : , 𝜙 , 𝜙 , 𝜙 =     -  

Then in the first case the diffracted intensity is evenly distributed leading to the well-

known Debye-rings, while for the second case the diffracted intensity is discrete as 

expected from equation 4-17. Thus, the diffracted intensity obtained from the second 

case it is equivalent to a single crystal. 

Peaks broadening and profile analysis 

The ideal interaction diffraction of a crystal is defined by the four following hypothesis: 

a b 
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1) non-defective crystal 

2) infinite crystal  

3) purely monochromatic EW  

4) ideal detector 

The resulted diffracted intensity would be registered by the detector at specific points. 

After the last paragraphs, it should be clear that the world is cruel and we none of the 

above hypothesis holds in real experiment. Hence, the diffracted intensity will be 

distributed around the points established by the ideal crystal structure. Its profile, 

a el  the B agg peaks  p ofile is dete i ed  the follo i g effe ts o espo di g to 
each one of the hypothesis above: 

1) strain of the crystallites 

2) crystallites finite size   

3) spectral purity of the EW  

4) detector response 

In the following discussion, we will assume that points 3 and 4 (instrumental effects) 

negligibly  affect the profile of the Bragg peaks, which will be related only to the sample 

characteristics. The last three paragraphs developed the theoretical framework to 

describe the arising of sample-related broadening of the Bragg peaks profile (or Debye 

rings).  

Intuitevely, interplanar distances close to the surface are different with respect to the 

interplanar distances in the bulk: this difference generates the peaks broadening. 

Recalling equation 4-17 for the scattering factor of a finite crystal, the contribution to 

the peak broadening is completely described by the term − , , 84: = ℱ[ ] = ℱ[𝛷 ] ∗ ℱ[ ] = ( , , ) ∑ − , ,+∞ℎ, , =−∞  -  

Similarly, the random distribution of defects changes locally the interplanar distances 

leading to the broadening of the peaks profile. 

 

4.2.2. Surface X-Ray Diffraction: Theory 

 

Diffraction from ordered surfaces 

A truncated crystal can be described by a layer with finite thickness ( ) and the bulk of 

the crystal treated as an infinite crystal. The layer has infinite sizes along two directions 

on the surface plane (in-plane) and finite along the direction perpendicular to the 
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surface plane (out-of-plane). The scattering factor of the truncated crystal can be 

obtained by the sum of the scattering factor from the surface ( ∗ ) and the one from 

the bulk ( ∗ ). The form factor (see 4.2.1) of the surface depends only on the 

components along the direction perpendicular to the surface ( ): 

𝛷 =  { < < ;  𝛷 = >   > ;  𝛷 =    -  

Hence its electron density will be: = ∗ 𝛷     -  

 

The scattering factor of the surface is its Fourier transform: ∗ = [ ] [ ] ∗ [𝛷 ]    -  

 

The term ℱ[Φ ] is: ℱ[𝛷 ] = ∫ ∫ ∫ 𝛷  ∗⋅   = ∗ − ℎ ∗ − ∫ 𝛷∞−∞    4-25 

 

The ∗ − ℎ ∗ −  term shows that the positions of the diffracted intensity in the 

plane is the same that the positions of the Bragg peaks. The term ∫ Φ 𝑧+∞−∞  

should be elaborated a little bit more: ∫ 𝛷 𝑧+∞−∞ = ∫ 𝑧 = + −    -  

Considering equations 4-23 - 4-25 we easily obtain the following: = ( , ,∗ ) ∑ ∗ − ℎ ∗ −+∞ℎ, , =−∞ { + [ ∗ − ] −  [ ∗ − ]}  -  

This result shows that the intensity scattered from the surface is localized on the plane 

in the positions of the Bragg peaks while out-of-the plane is not. This is due to the 

truncation of the film which impairs the Fourier transform of the shape factor out of the 

plane. Hence the diffracted intensity from the surface will be equally distributed along 

the direction perpendicular to the surface as represented by Figure 4-3a. 
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Figure -  S he ati  of the diff a tio  f o  a D la e  o  a t u ated stal. The D 
ods of e ip o al spa e a e i di ated as a s a , D poi ts of e ip o al spa e a e 

i di ated as i les . F o  Ro i so  a d T eet . 

Figure 4-3b shows the point of where the Braggs peaks are located in the reciprocal 

space and Figure 4-3c shows the sum of the profile of the Braggs centered on the points 

marked by Figure 4-3b, namely, the crystal truncation rods (CTR). The diffraction from a 

truncated crystal is sensitive to the structure of the surface through the term ∗ . 

The diffracted intensity of the surface can be tuned by species adsorption of species 

(changes the electron density of the surface), the roughness of the surface that can be 

thought as defective surface or modulated structures on the surface (i.e. haring bones 

of Au(111)). Thus, CTR are particularly sensitive to the change of the surface structure 

and chemistry. A simple rule of thumb the most surface sensitive positions are at the 

position on the CTR that is furthest from the bulk Bragg peaks, where the contribution 

of the bulk crystal to the diffraction is negligible85–87. 

Grazing incident 

SXRD strongly employs grazing incidence geometries to enhance the ratio between the 

diffracted intensity from the surface and the bulk. This means that the incident beam, 

the exit beam, or both make a very small angle with the surface to be measured. The 

description of the diffraction under grazing incidence conditions falls of the kinematical 

theory due to the partly reflection from the surface and slight refraction as it crosses to 

the interior of the crystal. The effect, described by classical optics by Born and Wolf 

(1999)88, is negligible until the incidence angle becomes comparable with the critical 

angle for total external reflection, (a few tenths of a degree for most situations). In this 

cases, only an evanescent wave continues inside with a  vector parallel to the surface. 

This reduces the penetration depth of the EW down to the order of 10–20 nm.  

 

 

 

 

a b c
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4.2.3. Surface X-Ray Diffraction: Experimental methods 

 

Six circles diffractometer and detector 

A 6-circles diffractometer configuration is considered an excellent instrumentation to 

perform SXRD at a synchrotron source89,90. Co pa ed to a +  o figu atio   i les 
for the sample and 2 circles for the detector)91, the redundancy of a 6-circle 

configuration allows much easier sample alignment and scanning of the incident and 

outgoing beam directions. A specific argument in favor of the redundancy of 6-circles 

diffractometer for the electrochemical operando SXRD experiment is that an 

electrochemical cannot be rotated freely from the vertical position. The axes of 

reciprocal space are chosen to lie along convenient directions within the reciprocal 

lattice of the substrates. Commonly two axes are chosen to be laying on the plane of the 

sampled surface (in-plane), whereas the third direction is assumed to be perpendicular 

to the same surface (out-of-plane).  

The diffracted intensity has been registered by means of a MAXIPIX fast readout areal 

detector92. This areal detector hosts a grid of 1024x1024 pixels dived on four Si wafers. 

The diffracted intensities collected by the detector have been treated off-line using the 

Binoculars package: this procedure enables a correct evaluation of the Bragg peak 

intensities and the meshing in the reciprocal space of the detector responses93–95. A 

typical arrangement is presented in Figure 4-4: 

 

Figure -  This is a t pi al SXRD setup i ol i g a  he apod fo  positio i g a d o i g 
the sa ple. The a o  ep ese t the ai  o e e t used to olle t data, the ed 

-scan 

X-rays EC cell -scan 

-scan 

-scan 
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a o  a e o  the pla e a d the lue a e out of the pla e. a d  o e the sa ple 
hile a d  o e the dete to . 

Orientation of the electrodes 

The diff a ted i te sit  has ee  olle ted i  a spa e pa a ete ized ith espe t to a 
oo di ate s ste  efe ed to the su fa e u it ell of the Ag  su st ate. A o di g 

to this o e tio , the o espo de e et ee  the sta da d f  ulk Ag u it ell a d 
the et i  of the su fa e pseudo-he ago al ell a , a , , α, β, γ  - he e a  a d a  e to s 
la  o  the sa ple su fa e, hile  is pe pe di ula  to that su fa e - is dete i ed  the 
follo i g elatio s: 
 

α = β = °      -  

 γ = °      -  | | = √         -  

 | | = | | = √            -  

Where a0 is the lattice parameter of the cubic fcc cell of Ag. Having adopted this 

convention for the a1, a2 and c vectors, the reciprocal space is parameterized by the 

fundamental reciprocal vectors of the pseudohexagonal Ag structure, a1*, a2* and c*. 

Where a1 and a2 are respectively the [½ −½ ] and the [  ½  −½] standard fcc vectors 

and define the plane pa allel to the sa ple su fa e efe ed as i -pla e  a d  is the 
the standard fcc [   ] e to s a d pe pe di ula  to the sa ple su fa e out of pla e . 
Any vector in the reciprocal space is represented by the h, k and l coordinates, 

respectively, corresponding to the vectors component along the a1
*, a2

* and c* axis, 

distances in the same space are expressed using reciprocal lattice units (rlu). 

Peaks profiles analysis 

One of the first successful attempt of peaks profile analysis was carried out by Scherrer96. 

He assumed that the whole profile is described by a Gaussian function and that its width 

is inversely proportional only to the finite size of the crystallites. Successively, this 

approach was evaluated as underestimating the size of strained crystallites97. 

Warren and Avenbach98 reported the first successful general description of the 

diffraction peaks broadening by means of a method based on the Fourier decomposition 

of multiple independent peaks. This method does not assume any functional form for 

the peak profiles and it provides the contribution of both size and strain effects. Even if 

this method can be considered, the most rigorous to describe the peaks broadening, its 
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need for several independent peaks often impairs its use, especially when the 

exploration of the reciprocal space is limited by experimental conditions. 

A simplified method can be obtained, if the functional form of the profile is assumed. 

Among others, one of the most used is the Voigt single line profile analysis proposed by 

Langford99. Moreover, exploiting modern setups, especially at synchrotron sources, we 

can safely assume that only the sample has a non-negligible contribution to the 

broadening of the peak.  In this context, the effects of size and strain distribute the 

diffracted intensity according to Lorentzian and Gaussian functions respectively. On this 

ground, the profiles of the peaks are well described by the convolution of Lorentzian and 

Gaussian functions, namely, the Voigt function: 

𝐴, , , = 𝐴 ∫ − − √∞−∞ ∗ − − +           -  𝐴 is the area of the function,  center of the function,  is the Gaussian width and 

 is the Lorentzian width. There are several approximations known to compute and fit 𝐴,𝜎,𝛾, , still those are different with respect to the widely used Pseudo-Voigt 

function defined by a weighted sum of one Lorentzian and one Gaussian functions. 𝐴,𝜎,𝛾,  can rewritten in the form: 

𝐴,𝜎, , = 𝐴 ∫ −+ −𝜎 −∞−∞  
∫ −+∞−∞       -  

Where 𝜎 is proportional to the Gaussian width and  to the ratio of Lorentzian and 

Gaussian widths: = √ |𝜎|                  -  = |𝜎|                    -  

This form of the Voigt function enables to compute it according to the numerical 

approximation proposed by Wells and Olivero100,101. Equations  4-34 and 4-35 clearly 

show the correlation between  and , hence the fit resulting from this method have 

to be carefully considered. Specifically, in case of strong correlation the error can be 

overestimated. This algorithm has been implemented in the Origin and Fytk softwares 

used to fit the profile of the peaks in this thesis102. 

According to Langford99 the  and  are related to crystallite size and strain through 

the following equations: 𝜖 =  𝜃      -  



Electrodeposition, characterization and modeling of 
technologically interesting films 

37 
 

= 𝜃       -  

Where 𝜖 is the wavelength of the EW, 𝜖 = ⟨ −− ⟩ is the a e age stallites  st ai ,  

is the  average size of the crystallites and 𝜃 is the Bragg angle.  

 

4.3. X-Ray Reflectivity 

 

X-ray reflectivity is the analysis of the reflected beam as resulting from the interaction 

between the surface and the X-ray at very low incident angle. It can deliver information 

on the thickness and density of the layers in a layered thin film as well as the roughness 

of the interfaces.  

 

4.3.1. X-Ray Reflectivity: Theory 

 

Reflectivity at interfaces 

The EW propagating in a medium is reflected and refracted when reaching the interface 

with another medium. The reflection and refraction phenomena are related by the 

S ell s la : 𝜃 = ′ 𝜃′      -  

Where , ′ are the refraction indexes of the two media and 𝜃, 𝜃′ are the angles 

represented in Figure 4-5: 

 

 

Figure -  S he ati  of the efle tio  a d t a s issio  of a EW f o  a  i te fa e 
et ee  t o diffe e t phases. 

For an incident beam with high enough energy (i.e. every X-ray beam) the refraction 

index is always lower than 1 and 𝜃′<𝜃. Consequently, at a certain angle (𝜃 ) the refracted 

intensity is zero. The refractive index of the medium is related to the electron density of 

the interaction volume by the following equation 4-39: = − +       -  

𝜃 𝜃 𝜃′ 
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Where −  describes the contribution of the dispersion and  the absorption effect 

occurring during the interaction between the EW and the surface. These components 

are related to the electron density by the following equations 4-40 and 4-41: 

 =    − ∑ ′     4-40 =    − ∑ ′′     4-41 

Considering  the classic radius of the electron (2.818 10-5 Å),  the wavelength of the 

EW (Å),  is the Avogadro constant,  the density of the material,  is the molar mass 

of the material, is the fractional molar amount of the ℎ atom with scattering 

factor  ′and ′′. On this ground, the critical angle is: 

 𝜃 = √                   4-42 

 

Reflectivity of homogeneous layered materials 

The reflection of X-Rays on layered and ideally flat surfaces gives a reflectivity profile 

whose features are related to multiple reflection on the interfaces lying on the optical 

path of the X-Ray beam. The intensity profile is defined by the interference of all the 

reflected beam crossing the surface as depicted in Figure 4-6: 

 
 

Figure -  S he e of the ultiple efle tio  o u i g i  a la e ed su fa e ,  a d  
a e the EWs p opagati g espe ti el  i  ediu  ,  a d  hile , , ,  a d ,  a e 
the EWs efle ted  the o espo di g i te fa es. 

 

 

The reflectivity is usually computed as the ratio between the amplitude of the EW 

reflected and the amplitude of the incident beam: 
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= || |||| || = √       4-43 

  

where || || is the amplitude of the interference signal involving all the reflected beams 

(i.e. in Figure 4-6 = , + , + , ). In this context, the function = 𝜃  can 

be defined according to a recursive formula describing the reflectivity at the ℎ layer : 
 = + ++  +       4-44 

considering: 

 = − ++ +        4-45 = −
       4-46 = 𝜃      4-47 

+ = √ + + 𝜃     4-48 

Where  is the thickness of the ℎ layer and  is called the Fresnel coefficient. In the 

case of an infinitely thick substrate the recursive formula cannot be used to calculate 

the reflectivity of the interface between the last layer of the film and the substrate ( ) 

which is: =       4-49 

Starting from equation 4-50 the recursive formula 4-44 can be used for each layer and 

finally to obtain the S to take into account the roughness of the interfaces, the Fresnel 

coefficient can be corrected: = − ++ + −8𝜋𝑔 𝑔 + 𝜎 +        4-50 

Where 𝜎 +  is the surface roughness estimated as the root mean square of the heights 

of the interfaces. 

 

4.3.2. X-Ray Reflectivity: Experimentals methods 

 

The operando XRR curves obtained can be exploiting the same setups of the SXRD 

measurements when changing the  and  accordingly. Their interpretation is carried by 

fitting the reflectivity measurements with a layered model of the sample surfaces 

calculated with specific software based on the theory explained in paragraph 4.3.1. 
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Figure 4-7 shows the dependence of the simulated reflected intensity of a Cu2S thin film 

(50 Å) on top of an Ag substrate. The amplitude of the oscillations depend mainly on the 

difference between the density of the materials composing the film and the density of 

the substrate. Moreover, the density of the film changes also the critical angle for the 

total reflection (Figure 4-7(a)). Otherwise, the thickness modulates the period of the 

oscillations (Figure 4-7(b)). Specifically, it is evident that thicker the film smaller the 

period of the oscillations. 

 

 
 

Figure -  Refle ti it  u es si ulated fo  diffe e t de sit  a  a d thi k ess of the 
o e la e  . Si ulated ith Ge X . 

Figure 4-8 shows the effect of both the overlayer and the substrate interface on the 

reflected intensity. In both cases higher the roughness to thickness ratio more the 

damping of the oscillations. The effect of the overlayer interface roughness (Figure 

4-8(a)) is higher than the substrate interface roughness (Figure 4-8(b)). 

 

 

Figure -  Refle ti it  u es si ulated fo  diffe e t ough ess of the o e la e  a  a d 
of the i te fa e ith the su st ate . Si ulated ith Ge X . 

 

 

a b 

a b 
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4.4. Operando experimental setups 

 

In this paragraph I will present the electrochemical flow cell specifically design to 

perform E-ALD operando experiment with synchrotron light (Table 4-1): 

Label Characteristics Year 

EC2006 Deeply buried electrode 2006 
EC2017 Thin layer  2017 

Table -  Su a  of the ope a do ele t o he i al ell used i  this thesis. 

 

4.4.1. Standard EC for operando experiment (EC2006) 

The thin-layer cells usually involved in electrochemical operando experiments are design 

and realized with replaceable elastic window, usually made of Mylar, ensuring the 

maximum transmission but disabling the exchange of solutions needed for the E-ALD 

process. In order to overcome this limitation, in 2006 Foresti et al.104 designed a cell with 

suitable windows and flow channels enabling the fast exchange of the solutions without 

impairing the SXRD measurements. The working electrode sealed the cell in the bottom 

part of internal vessel. The body of the cell is directly fastened to the sample holder of 

the diffraction beamline front end. This setup resulted particularly convenient for the 

alignment of the electrode surface and for exposure to the X-ray radiation. The cell can 

be in principle built with Teflon, Kelef or other chemically resistant plastics. During the 

last years several materials has been tested for this cell and polyether ether ketone 

(PEEK) became the standard for our SXRD measurement due to its resistance to hard X-

ray radiation and higher machinability. However, PEEK suffers for the presence of some 

crystalline domains and without an adequate design of the cell walls, the powder and 

amorphous patterns from the cell windows can hinder the X-ray signal from the sample 

itself. As depicted by Figure 4-9, the internal vessel is a cylinder with an internal diameter 

of 6.7 mm and a height of 40 mm. The working electrode on one side and the counter 

electrode on the other side delimited the electrochemical cell volume (1.5 mL). The inlet 

and the outlet for the solutions were placed on the side walls of the cylinder. The counter 

electrode  used for our measurements is a glassy carbon cylinder, and the reference 

electrode made of a small Ag/AgCl (KCl sat) and placed in the outlet pipe. The 

attenuation of the X-rays along the path for an SXRD experiment can be estimated 

considering the absorbed radiation through a typical optical path as reported in Figure 

4-9. Considering an incident angle with the electrode very close to 0°, Figure 4-10 

reported different thickness and material for the X-ray window in the cell, maintaining a 

optical path in the electrolyte in the different setups taken into consideration. The X-ray 
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beam propagates through two plastics walls and roughly 10 mm of solution. For the first 

CdS experiment, the cell was made of Teflon, with wall of 1 mm104 while for the 

experiment on the Cu2S growth the cell was made of PEEK with a wall of 100 m. At 20 

keV, for the EC2006 setup Figure 4-10 reports an overall transmission across the X-ray 

windows and electrolyte of roughly 40%, which is well matching the data reported in 

literature (50%)104. PEEK ensure a lower attenuation of diffracted signal105. 

 

Figure -  Te h i al spe ifi atio  fo  the ope a do ele t o he i al flo  ell EC . 

Moreover, PEEK windows can be reduced to 100m thanks to its better mechanical 

properties. Hence, as depicted in Figure 4-10, this setup ensure a transmission very close 

to 70% at 24 keV. It is worth to notice that PEEK has a strong X-ray diffraction, reducing 

the thickness of the X-ray window by a factor of 10, makes completely undetectable the 

signal diffracted by PEEK. 
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Figure -  T a s issio  of X- a  at diffe e t e e g  th ough diffe e t su fa es . 

 

4.4.2. Novel thin layer EC flow cell for operando experiment (EC2017) 

Although the electrochemical flow cell specifically designed for operando SXRD allowed 

several successful experiments it showed its limitations in detecting diffracted intensity 

from a few atomic layers of deposit, especially when enriched in lighter elements. As it 

will be reported in the paragraph 5.1, we encountered this problem for the acquisition 

of SXRD data on the first stages of the growth of Cu2S, while for CdS data have been 

acquired from the first cycles of growth104. To overcome this issue, we designed a new 

thin-layer flow electrochemical cell aiming to reduce the optical path in solution. The 

new design of the thin layer cell is reported in Figure 4-11: 
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Figure -  Te h i al spe ifi atio  fo  the ope a do ele t o he i al flo  ell EC . 

The cell consists of 2 blocks, the head and the body with one screw to hold the working 

electrode and 4 fittings to hold the counter/reference electrodes and the inlet/outlet 

tubes. The electrolyte occupies a small disk with an internal diameter of 12 mm while 

the height can be tuned by means screwing the threads between the external shell and 

the main block. The electrochemical cell is delimited by the reference electrode on one 

side and the counter electrode on the other side. The inlet and the outlet for the 

solutions were placed on the side walls of the cylinder. The counter electrode is a glassy 

carbon cylinder, and the reference electrode is made of a thin Ag wire (0.3 mm) coated 

with AgCl in saturated KCl solution. Considering an incident angle with electrodic surface 

of 10°, the X-ray beam propagates for roughly 80 m in solution, while with the EC2006 

design the optical path in solution is 10.15 mm. These are the conditions making the 

EC2017 setups outperforming the EC2006 setup. For very low values of the incident () 

and take off () angles the two setups work comparably well, with the EC2006 design 

slightly outperforming the EC2017 setup by 2.5% at ==1°. Figure 4-12 compares the 

transmission of the two setups at 24 KeV for a typical XRR (=) and SXRD (=0.1°) 

measurements for different values of . Strictly regarding the XRR measurements, most 

B-B 
A-A 

A-A 

B-B 
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information about the reflectivity is acquired for <3°, hence the two setup works 

comparably well. However, for the SXRD at 10° it ensures a 15% improvement on the 

transmitted signal with respect to the old one. 

 

Figure -  T a s issio  of X- a  at diffe e t  a gles fo  a t pi al XRR a d SXRD 
e pe i e ts fo  oth ele t o he i al flo  ell EC  a d EC  . 

 

4.5. Chemical speciation modelling 

 

We performed our calculation under the phreeqc formalism106, taking into account 

aqueous species equilibria in a reference database. The solid phases are considered 

through dissolution/precipitation reactions, and their stability is reported as the 

logarithm of equilibrium constant of formation (log K) at standard temperature and 

pressure condition (i.e. 25°C and 1.0132 bar) from the master species107,108. Only one 

master species is associated to each element or element valence state (for instance Fe3+ 

for ferric iron), one to the hydrogen ion, one to water and (formally) one to the aqueous 

ele t o . The aste  spe ies a e the uildi g lo ks  used i  the phreeqc formalism to 

write all chemical equations: they are related to the secondary species, in fact, by means 

of formation reactions involving the master species as a reactant (e.g. Cu2+ + e- = Cu+, S2- 
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= S + 2 e- etc. ) and the relative equilibrium constant logarithms are included in the 

calculation (as a function of temperature). These species are present in a single phase, 

an aqueous solution. On this ground, the aim of the phreeqc formalism is the definition 

of a system of algebraic homogeneous equations describing the equilibrium conditions 

for different thermodynamics variables such as the activities of aqueous species 

(including water), ion-exchange species, surface-complexation species, gas-phase 

components, solid solutions, pure phases, aqueous charge balance, gas-phase equilibria 

and ionic strength. Such algebraic system is assembled taking into account all the 

residual functions (denoted by f) describing the relevant equilibria. The residual 

functions are defined as the difference between a global constant and the combination 

of specific variables for each species or phases. Hence, for each set of values of the 

thermodynamics variables, defining a certain state of the system, the residual functions 

des i e the dista e  of the state f o  the e uili iu . O  this asis, the e uili iu  
condition corresponds to the set of values for the thermodynamics variables that let all 

the residual functions equal to zero. To compute the results, each residual function is 

reduced to contain a minimum number of variables (called the unknown masters), so 

that the number of functions equals the number of variables. The unknown masters for 

aqueous solutions are the natural log of the activities of master species (ln ), the 

natural log of the activity of water (ln ), the ionic strength ( ), and the mass of 

solvent water in an aqueous solution ( ). The system is then computed and solved by 

means of the Newton-Raphson technique, which proceeds through the assembling of a 

Jacobian matrix containing the derivatives of the residual functions by the unknown 

master. Thus, this matrix describes the thermodynamics of the multi-equilibria system 

and its diagonalization leads to the equilibrium conditions. The analytic expression of 

each residual function and of the related derivatives has been developed and 

implemented in the phreeqc software. For instance, the equilibrium between the 

aqueous phase and pure solid phases is described under the following assumptions: 

1) The activity of the pure phase is 1.0 

2) The additional unknown master for each pure solid phase is the mole of the pure 

phase present in the system (np where p refers to the pth phase) 

3) The mass-action law holds 

Under this assumptions the pure phase equilibria are described by the mass-action law: = ∏ ,𝑎       4-51 

 

Where  is the equilibrium constant with the ℎ phase, ,  is the stoichiometric 

coefficient of the aqueous master species (positive if the product of the desorption 
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reaction and negative otherwise),  is the activity of the mth species (it is an unknown 

master). Eventually,  is the number of aqueous master species. On this basis a new 

residual function can be defined: = ln − ∑ , ln  𝑎      4-52 

The total derivative of the residual function in terms of the unknown master is: = ∑ ,  ln  𝑎     4-53 

 

Chemical speciation in aqueous solutions is not uniquely defined but depends on the 

theoretical formulation of mass-action equilibria and activity coefficients (e.g. Davis, 

Pitzer or Debye-Huckel activity model)106; in other words, the numerical solution of the 

system is model-dependent. In some cases, aqueous speciation can be analytically 

determined, but operational definitions and assumptions are still unavoidable. 

Accordingly, the equilibrium is computed with a reaction-path calculation, i.e. a 

sequence of mass-transfer calculations that follows defined phase (or reaction) 

boundaries during incremental steps of reaction progress. In this study, the considered 

gas species, i.e. H2(g) and O2(g), are computed defining the corresponding partial 

pressures, and in the database are present the dissolution reactions (e.g. O2(g) = O2(aq)) 

and the corresponding constants. Accordingly, the presence of oxygen or hydrogen in 

any redox reaction is linked to their partial pressures. These latter are monitored as the 

result of an evolving chemical system in any given thermodynamic conditions.  

 

4.5.1. Modelling of the predominance charts 

 

In the present study, the relationships between the main phases of the compositional 

field (involving always an aqueous solution) are studied through the use of Eh versus pH 

o  Pourbaix  diag a s, al ulated a o di g to the poi t-by-point mass balance 

method [23,35]. Under this approach, the predominant charts are computed identifying 

the predominant species at each given point of potential and pH, taking into account 

other variables such as presence of ligand(s), temperature and pressure[35]. The 

predominant species is identified as the one with the highest content (absolute amount) 

of the considered element, without any discrimination between aqueous and solid 

species. 
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We performed our point-by-point mass balance calculation under the phreeqc 

formalism 106. Aqueous species equilibria are taken into account in a reference database 

file that include also aqueous complex formation. The solid phases are considered in the 

same database through dissolution/precipitation reactions, and their stability is 

reported as the logarithm of equilibrium constant of formation (log K) at standard 

temperature and pressure condition (i.e. 25°C and 1.0132 bar) from the master 

species107,108.  

The considered gas species, i.e. H2(g) and O2(g), are computed defining the corresponding 

partial pressure, and in the database are present the dissolution reactions (e.g. O2(g) = 

O2(aq)) and the corresponding constants. Accordingly, the presence of oxygen or 

hydrogen in any redox reaction is linked to their partial pressure. The latter and can be 

the result of an evolving chemical system or used to constrain the redox potential. The 

distribution of dissolved components among free ions, ion pairs, and complexes, namely 

the aqueous speciation, is obtained by solving simultaneously all the equilibria selected 

from the database. For example, dissolved Cu in the aqueous environment can be 

present as Cu2+
(aq), Cu+

(aq), Cu(OH)2, etc.; among them, Cu+2
(aq) act as master species, 

while the others are defined as secondary species by means of formation reactions from 

the master species (e.g. Cu2+ + 2OH- = Cu(OH)2, Cu2+ + e- = Cu+, etc. ) and their equilibrium 

constant logarithms (as a function of temperature) are included in the calculation. These 

species are present in a single phase, an aqueous solution. 

Aqueous speciation is not uniquely defined but depends on the theoretical formulation 

of mass-action equilibria and activity coefficients (e.g. Davis, Pitzer or Debye-Huckel 

activity model)106. In other words, it is model-dependent. Some aqueous speciation 

assemblages can be analytically determined, but operational definitions and 

assumptions are still unavoidable. According to this consideration, the equilibrium is 

computed with a reaction-path calculation, i.e. a sequence of mass-transfer calculations 

that follows defined phase (or reaction) boundaries during incremental steps of reaction 

progress. To solve the system that arise writing down all the involved reaction for 

aqueous and gas species and solid phases, the model proceeds through the creation of 

a Jacobian matrix that starts from the master species of the involved elements (Cu, Zn, 

Sn, C, O and H) and contains all the involved reactions. The matrix representing the 

chemical system is diagonalized, obtaining the concentrations that satisfy the 

simultaneous solutions to all the considered equilibria. Numerical models for the 

chemical speciation require comprehensive thermodynamic databases. 

For this purpose, it is necessary to mention that the thermodynamic properties of the 

chemical species relevant to our models are already present in the phreeqc wateq4f.dat 

database 109.  
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4.5.2. Modelling of the E-ALD process 

 

In order to clarify the thermodynamics of the concurrent reactions possibly underlying 

the E-ALD process, it is useful to stress the definition of its fundamental blocks. To this 

aim, the example reported in Figure 4-13 and Table 4-2 refers to the growth CuxZnyS. 

The deposition of an atomic layer and the subsequent renovation of the buffer solution 

in the electrochemical cell (for instance the first two rows in Table 4-2) at room pressure 

and temperature, are labelled as E-ALD steps. The E-ALD cycle is the basic repeating unit 

of the E-ALD process (for instance the first eight row in), in the sense that every E-ALD 

cycle is a defined sequence of E-ALD steps. Table 4-2 reports the potential and the 

solution involved in the part of the E-ALD process modeled in this work, while Figure 

4-13 depicts the time span of the same part of the process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table -  The fi st  o s, i  old, o stitute the pe iodi  pa t of the E-ALD p o ess fo  
Cu Z S. 

#Cycle # Step E-ALD steps Conc. (mM) Time (s) Pot (V) 

 

 

 

 

1 

1 Na2S/ Buffer 0.5 60 -0.68 

 Buffer N/D 60 -0.68 

2 CuCl2/ Buffer 0.5 120 -0.38 

 Buffer N/D 60 -0.38 

3 Na2S/Buffer 0.5 60 -0.68 

 Buffer N/D 60 -0.68 

4 ZnSO4/ Buffer 0.5 120 -0.85 

 Buffer N/D 60 -0.85 

 

 

2 

5 Na2S/ Buffer 0.5 60 -0.68 

 Buffer N/D 60 -0.68 

6 CuCl2/ Buffer 0.5 120 -0.38 

 Buffer N/D 60 -0.38 
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Figure -  Ti e spa  of the pa t of the E-ALD p o ess o side ed i  this o k. The lue 
a d o  a o s highlight the E-ALD steps a d les, espe ti el . S ep ese t the 
p ese e of the Na S solutio  i side the ele t o he i al ell, B the uffe  solutio , Cu 
the CuCl  a d Z  the Z SO  solutio s. 

The deposition of the first Sulfur adsorbed atomic layer (briefly S-adlayer) on the Ag(111) 

surface requires some observations: 1) in the S-adlayer, since the surface cell of the Ag-

S interface includes 3 sulfur and 6 silver atoms 48, the apparent stoichiometry of the 

surface is Ag2S. Such stoichiometry corresponds to the mineral acanthite 61. 2) an excess 

of free energy, corresponding to the estimation of the surface excess of free energy 

obtained by Aloisi et. al 48, is needed to model the deposition step of the S-adlayer. Thus, 

the modelling procedure was carried out as follows: 

a) Modelling of the formation of the S-adlayer by precipitation of Ag2S (acanthite) 

driven by the additional surface free energy.  

b) Modelling of the subsequent steps using the thermodynamic data for the bulk 

phases. As a starting condition of each step, we considered the amount of solid 

phases obtained at the equilibrium of the previous step in contact with fresh 

solutions under the proper potential. 

The solution is changed, between two following E-ALD steps, while keeping a constant 

applied potential. This part of the process is intrinsically dynamic, and its rigorous 

modelling would require including the transport properties and the kinetics of the 

chemical process involved. However, in order to assure a complete change of the 

chemical environment inside the electrochemical cell, the volume of fluxed solution is 

E-ALD steps 

E-ALD cycle 

S Cu 
Buf  

S Zn 
Buf Buf Buf 

S Cu 
Buf Buf 
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several times the volume of the cell (roughly 30 times). Then, every equilibria leading to 

the dissolution of a solid species would be extremely favorited by the fluxing of the 

solution. Conversely, in the modelling of E-ALD, the solution, volumes are kept constant 

at the value of the cell volume, thus largely underestimating the effect of the dissolution 

processes. This calculation is referred as constant volume model. A further calculation 

can be carried out under the assumption that the moderately soluble phases are 

completely dissolved while fluxing the washing solution: this model overestimates the 

effect of the dissolution processes. This last calculation is referred as total depletion 

model. In this context, it is evident that the total depletion model has to be defined after 

having identified the most soluble species in the constant volume model.  

 

4.6. Scanning Electron Microscopy 

 

4.6.1. Scanning Electron Microscopy: Theory 

 

The Scanning Electron Microscopy (SEM) exploits the interaction between the surface 

of a sample and a focused electron beam (constituted by the Primary Electrons – PE). 

The latter can be deflected to scan the surface and recover a raster representation of 

the morphology. With respect to optical microscopy SEM has a higher field depth and 

lower theoretical Abbe limit (4 nm against 250 nm). The interaction of the electron beam 

with the surface leads to the emission of different signals collected by means of different 

detectors: 

 

 Secondary Electrons (SE) 

 Back-Scattered Electrons (BSE) 

 X-rays 

 Auger Electrons (AE) 

 

SE are generated by the deflection of PE due to the interaction with the electronic 

density down to 50 nm below the surface. Thus, the collection of SE reproduce the 

sa ple s o pholog . The i te sit  of the SE sig al is elated to the ato i  u e . 

BSE have energy well higher than 50 eV coming from the multiple and single scattering 

of PE with the atoms of the samples. This signal is more sensitive to the average atomic 

number than the SE signal110.  
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A fraction of the X-rays collected in a SEM measurement is generated by the relaxation 

of an excited state induced by the ionization of an atom by means of the interaction of 

the PE with the core electrons. The other fraction of X-rays is due to the slowing of the 

PE when interacting with the surface leading to the Bremsstrahlung, which Is a white 

emission of X-rays.  

AE are electron generated by the relaxation of an excited state induced by the ionization 

of an atom by means of the interaction of the PE with the core electrons.  

The interaction of the electron beam with the surface of an insulator lead to the 

accumulation of charge density on the sampled spot. In this condition focusing the 

electron beam on the sample becomes impossible.  Hence, the SEM cannot be 

implemented directly for an insulating surface. In these cases, the best practice is to coat 

the sample with a conducting material such as gold or graphite. Exploiting the 

sputtering-coating techniques the morphology of the surface is essentially unchaged.  

 

4.6.2. Scanning Electron Microscopy: Experimental setup 

 

A typical SEM is constituted by the following: 

 source of the PE 

 electromagnetic lenses 

 deflection coils 

 focusing lens 

 signal detectors 

Interestingly, the cheaper source is just a tungsten filament emitting the PE due to the 

thermoionic effect. The PE are accelerated by a potential usually in the range 1-30 kV. 

The focusing lens is responsible of the reduction of the beam diameter down to 0.01-

20 µm depending on the setup. 

The deflection coils deflect the beam to interact with different spots on the surface 

concurring to the s a  of the o pholog  of the sa ple s su fa e. 

During the measurement the SEM acquisition chamber is kept under ultra high vacuum 

condition.  
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4.7. X-ray photoelectron spectroscopy 

 

4.7.1. X-ray photoelectron spectroscopy: Theory  

 

X-ray photoelectron spectroscopy (XPS) exploits the detection of photoemitted 

electrons due to the absorption of monochromatic X-rays. Electron photoemission 

occurs only when the energy of the incident radiation is higher than the workfunction of 

a certain orbital: 𝜙 = ℎ       4-54 

The energy excess is the kinetic energy of the photoemitted electrons: 

ℎ = 𝜙 +           4-55 

 and  are the electron mass and speed. The electronic kinetic energy is  and it is 

directly measured during and XPS experiment. Thus the bonding energy that the 

detected electrons had in the orbital ( ) can be reckoned by means of the following: = ℎ −  −              4-56 

 is an experimental correction factor due to the XPS setup. 

Usually the photoemission process is described by means of a three steps mechanism 
111:  

1. Absorbance of the X photon and emission of the electron 

2. Migration of the electron through the solid matrix 

3. Expulsion of the electron through the surface 

During step 1 the X rays are usually able to penetrate form several μm, hence large part 

of the sample is involved in the photoemission process. However, step 2 and 3 of the 

mechanism are crucial for the effectively detected photoelectron, in the sense that 

during the migration and expulsion the photoelectron interacts with the solid matrix and 

with a very high probability is absorbed. Hence, the auto-absorption process allows to 

detect photoelectrons only if coming from 1-20 nm under the surface of the sample. 

XPS spectrum can be used to obtain both quantitative and qualitative information on 

the sample. A wide range XPS spectrum is usually a low resolution (1-2eV) plot of the 
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count per second against the bonding  tipically in the range 0-1250 eV. Wide range 

spectra are useful tools to perform a qualitative analysis. The qualitative analysis it is not 

restricted to the determination of the elemental composition of the surface but also the 

oxidation states of the elements present in the sample can be identified. Often, 

differences in valence electrons and bond type change the bonding energy (chemical 

shifts) by several units of electronvolt. Another very useful analysis of the wide range 

spectra is to find the most informative subranges (usually 5-10 eV wide). These, can be 

exploited to acquire high resolution (<1 eV) spectra, which are necessary to perform a 

quantitative analysis.  

On this regard, we have to take into account that each element can have several orbitals 

with  in the scanned energy range. Thus, it is quite common to have superposition of 

peaks associated with different elements. Hence, not always the primary peaks (most 

intense) can be used to perform a quantitative analysis. 

 

4.7.2. X-ray photoelectron spectroscopy: Experimental setup 

 

XPS spectrometer are mainly constituted by the following: 

 X-ray source 

 analyzer 

 detector 

The most common X-ray sources at the lab-scale are the Coolidge tubes with aluminum 

or magnesium targets and suitable filter to obtain a monocromatic radiation. Typically, 

such sources have a very small bandwidth are in the range of 0.8-0.9 eV.  

The analyzer is device constituted by collecting lens enabling the separation of the 

electrons by means of their kinetic energy (Figure 4-14). More specifically the 

electromagnetic lens deflects the electron forcing them to follow a curved trajectory 

towards the detector. The radius of the curved trajectory is dependent on the kinetic 

energy of the electrons.  

The most commonly used detectors are multichannel solid state trasductors constituted 

by glass tube doped with lead or vanadium. This particular setup enables the 

contemporary acquisition of photoemitted electrons of different energy allowing a fast 

acquisition of the spectra110. 
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Figure -  E pe i e tal setup a d so e t pi al ide a ge XPS spe t a.  
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5. Results and discussion 
 

5.1. Ag(111)/Cu2S  

 

5.1.1. Preparation of the samples and analysis 

 

The samples have been prepared according to the synthesis developed in our laboratory 

by Bencistà et al.24.  Table 5-1 presents the electrochemical synthesis performed for this 

study. 

Label Method Deposition sequence 

OpCuS10 E-ALD operando at ESRF Ag/(S/Cu)10/S 

OpCuS60 E-ALD operando at ESRF Ag/(S/Cu)60/S 

ExCuS E-ALD ex-situ at UNIFI Ag/(S/Cu)60/S 

Table -  list of the ele t o he i al s thesis p ese ted i  this pa ag aph. 

We first adopted the cell EC2006 cell to gather information about the position of the 

main peaks and to follow their changes during the growth. However, to study the early 

E-ALD cycles we were forced to adopt the EC2017 cell in order to follow the main peaks 

during the growth of Cu2S. The following paragraphs report the results according to the 

growth stages of the film and not to the time of their collection.  

The following paragraphs report the results according to the growth stages of the film 

and not the history of their collection.  

 

5.1.2. Operando analysis of the growth 

 

As reckoned from the following experiments, the position of the most intense peak 

(0.73, 0.73, 2.09) provides the ideal position for the analysis of the growth. Hence, we 

followed the first stages of the growth recording small 3D maps centered on this position 

in the reciprocal space parametrized as presented in paragraph 4.2.3. To ensure the 

detectability of the signal from the first cycles of growth, we exploited the improved 

design of the electrochemical cell (EC2017) for the first 10 cycles. Figure 5-1 shows the 

projection of the 3D maps on the h-k plane. Figure 5-2 shows the same 3D maps 

projected on the h-l plane, in this case the 3D plot is proposed to highlight the signal 

diffracted out of the plane. Figure 5-2 shows that at 2th cycle the diffracted signal is not 

a Bragg peak but probably a CTR fading in the background. 



Electrodeposition, characterization and modeling of 
technologically interesting films 

57 
 

Figure 5-1 2D reciprocal space maps on the plane at 0 (a),2 (b),4 (c),6 (d),8 (e) and 10 (f) 

growth cycles. 

As previously stated, from the 12th  cycle onward the results have been collected using 

the EC2006 setup. Finite size fringes, characteristic of very well defined thicknesses and 

of abrupt interfaces, are not visible neither in the l scan crossing the Bragg peak nor in 

any extended XRR measurement. This is an indication for a quite rough growth, in 

agreement with the morphological analysis (paragraph 5.1.5) and the XRR analysis. 

Starting from the 12th  cycle the profiles of the Bragg peak along the l and h=k reciprocal 

directions have been registered (Figure 5-3). The peak is very sharp along the in-plane 

h=k direction (full width at half maximum, FWHM, ~0.02 h rlu). As discussed in paragraph 

4.2.3 the profiles of the Bragg peaks can be described by the convolution of a Gaussian 

profile with a Lorentzian profile. The best fit is obtained fixing the Gaussian width to the 

value of 0.005 rlu resulting in a narrow Lorentzian width (Figure 5-3a). The latter clearly 

indicate a quite large crystallites size while the former suggests a quite small number of 

defects, keeping the concentration constant during the growth.  
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Figure -  P oje tio  o  the ∗, ∗ pla e. The use of D aps is ot suita le to sho  the 
i te sit  alo g the ∗ di e tio  at a  ,  ,  , d  , e   a d f   E-ALD les. 

Figure 5-3b show that the profile along l is broader (FWHM ~0.1 l rlu) and better fitted 

by means of a Lorentzian function since the contribution of the Gaussian width to the 

a b 

c d 

e f 
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Voigt function is negligible. Hence, the profile along the l direction is determined by the 

finite size of the film, while the contribution of the crystallite strain cannot be reckoned.  

The results of the best fit at different stages of the growth is reported in Figure 5-4, 

providing several information on the evolution of the structural features of the film.  

 

 

Figure -  S a s alo g h, h, .  a  a d alo g . , . , l   at diffe e t stages of 
g o th. 

Figure 5-4a and Figure 5-4b show that between the 12th and 18th cycle the position of 

the Bragg peak is not well defined, the data seem indicating that the structure is quite 

stressed with an expanded in-plane lattice parameter and compressed out-of-plane one. 

Then the structure is set starting from the 20th, with a small increase of the position 

along the out-of-plane direction. However, the cell volume is constant along all the 

observable growth process from 18 deposition cycles onward (Figure 5-5). 
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Figure -  G o th u es fo  the positio  at the a i u  of the peak, fo  the 
Lo e tzia  eadth L  a d fo  the peak a ea alo g h, h, .  a, ,e  a d alo g . , 

. , l  ,d,f , espe ti el . The e pe i e tal u e tai ties a e plotted as e o  a s 
o espo di g to σ. 

 

Figure 5-4c and Figure 5-4d depict the Lorentzian widths versus the growth cycles along 

the in-plane and out-of-plane directions, respectively. The plots in Figure 5-4e and Figure 
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5-4f show that the amount of deposited material goes linearly with the deposition cycles 

and no saturation is present. 

 

Figure -  Cell olu e i  Å  du i g the g o th of the fil . The e pe i e tal 
u e tai ties a e plotted as e o  a s o espo di g to σ. 

 

5.1.3. Operando analysis at the end of the growth 

 

At the end of the growth the reciprocal  space maps of the grown films measured in the 

hk planes at different l values are shown in Figure 5-6. They have been operando 

recorded  keeping the electrode at the potential of -0.680 V in buffer solution. The maps 

show a number of well-defined diffraction peaks arranged according to an apparent 

pseudohexagonal symmetry (Figure 5-6). The a hexagonal cell parameter can be 

estimated in 27.76 Å, considering the shortest distance between two adjacent Bragg 

reflections in the map. Interestingly, the unitary vectors of this pseudohexagonal pattern 

are rotated by 30° with respect of the chosen pseudohexagonal silver frame (Figure 5-6). 

The most intense Bragg reflections, among those registered in our collections, occur at 

(0.73, 0.73, l), (0.73, 0, l), (0, 0.73, l) and at position characterized by doubling the h 

and/or k values. This suggests that one of the most relevant structural fragments has a 

3.96 Å periodicity, which closely corresponds to the S-S distance in the CuS3 triangular 

groups, identified as building units in all the Cu2-xS structures. Our data are thus 

consistent in showing that the Cu2S films grown by E-ALD have strong similarities to the 

chalcocite structural arrangement. However, the (h,k) maps of Figure 5-6 definitely point 

to the occurrence of a new crystal structure.  
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Figure -  h,k, .  e ip o al spa e ap of the thi  fil . U its a e e p essed i  the 
et i s of the pseudohe ago al sil e  latti e. The h’ alues a e elated to the h alues  

the elatio : h’ = h + k os °. The lue seg e ts a e the u ita  e to s of the he ago al 
pe iodi it  of the diff a tio  effe ts of the fil . 

To confirm this, we projected the pseudo-orthorhombic unit cell, derived from the 

known structure of low chalcocite, normal to the c* direction (not shown). The 

measured diffraction pattern looks very different from the expected low chalcocite 

structure even assuming the presence of multiple domains induced by the pseudo 6-fold 

symmetry of the top Ag(111) surface. The present data strongly support the occurrence 

of a new phase in the Cu2S-CuS join, characterized by an in-plane periodicity based on 

of 7x7 triangular CuS3 units of the hexagonal-close-packed sulfur framework. A detailed 
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refinement of its structure is prevented because the present set of reflections is not 

large enough, and because of the interference of the diffuse scattering from the 

solution. 

The XRR curves have been collected in the same condition at the end of the growth and 

the fitted with the following stack model: Water/High density layer/Substrate (Table 

5-2). Figure 5-7 shows the XRR experimental data and the related best fits. Consistently 

with the roughness reckoned by Bencistà et al. 24 interference fringes cannot be present 

in the XRR scan impairing the direct determination of the total thickness of the film. 

However, the fit suggests the formation of a film with an optical density slightly lower 

than theoretical density (0.0219A-3), high roughness and a very low roughness at the 

Cu2S/Ag(111) interface.  

    Model 1     

Roughness of the substrate (Å) 3.25  ± 0.02  

Thickness of the bottom layer (Å) 18,84  ± 0.08  

Density of the bottom layer (Å3) 0.0178 ± 0.0001 

Roughness of the bottom layer (Å) 6.54  ± 0.08  

Thickness of the top layer (Å) -   - 

Density of the top layer (Å3) -   - 

Roughness of the top layer (Å) -   - 

Table -  Result of the fit of the XRR data usi g the sta k odel . 

 

 

Figure -  Co pa iso  of the e pe i e tal XRR data ope  i les  a d the odel used 
to fit it o ti uous li es . 
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5.1.4. Ex-situ analysis at the end of the growth 

 

A mention about the structural stability of the films has to be made. The removal of the 

electric potential, applied to the working electrode, leads to a structural transition 

(Figure 5-8a and Figure 5-8b). This transition results reversible when the pristine electric 

potential value is re-set up (Figure 5-8c). 

 

Figure -  the e olutio  of the . , . , .  peak he  the oltage is e o ed. 
Co espo di g the pote tial efe ed to the su figu es a e h o ologi all  a a ged: a  
- . V,  ope  i uit pote tial a d  - .  V. 

The reciprocal space maps in Figure 5-9 were acquired after removing the sample from 

the electrochemical cell and putting the electrode on the sample holder of the 

diffraction beamline. When compared with the maps of Figure 5-6, the appearance of 

further other ordered phases due to removal of the sample from the electrochemical 

cell is clear. Figure 5-10a and 5-10b depict a small area reciprocal space map of OpCuS60 

centered at (0.66, 0.25, 2.09) respectively ex-situ and operando. 

 

Figure -  La ge a ea e ip o al spa e ap at l= .  fo  e -situ OpCuS . 

a b c 
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Figure -  S all a ea e ip o al spa e ap e te ed at . , . , .  fo  OpCuS  
a  ope a do a d  e -situ. 

 

5.1.5. Micromorphology and semi-quantitative analysis 

 

The micromorphology and semiquatitative analysis has been carried on the ExCuS 

sample. The micrographs in Figure 5-11 show that the Cu2S surface is characterized by 

two main morphologies: 

- a flat surface with some holes  

- several small worm-like structures overgrowing the flat surface 

The worm-like structure are randomly distributed and the reach easily the micrometric 

scale. Still, they seem to grow from the surface where the contact with the surface is in 

the range of hundreds of nanometers. These microstructures do not show any evidence 

of ordered phases. Eventually, their number are lower near the edges of the electrode.  
 

S Cu Ag Conditions 

Spectrum 1 9 19 75 Wide area 840X 

Spectrum 2 11 18 72 Wide area 840X 

Spectrum 3 14 25 60 One point on worm-like structure 

Spectrum 4 4 7 89 One point on the flat surface 

Average 9 16 74  

Table -  Co positio  of the sa ple E CuS i  at% ou ded o side i g % of e o . 

Regarding the EDX analysis, we assumed a 1% error threshold, the composition of the 

worm-like structure is equivalent to the flat surface. Under, these assumption the 

composition is consistent with a Cu:S ratio of 2. 

a b 
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Figure -  Mi og aph of a ep ese ti g po tio  of the sa ple E CuS at X A , 
X , X  a d  d  . 

 

5.1.6. Discussion  

The main achievement of this part of the work is the observation of the growth of Cu 

sulfide over Ag(111) by E-ALD and its first structural characterization.  

Clearly, the film exhibits a B agg s patte  suppo ti g the idea of a e  phase of the Cu-

S system, having an apparent pseudohexagonal structural arrangement with 

unprecedented metrics 112,113 derived from that of hal o ite s st u tu e. It has st o g 
similarities with the one of the low chalcocite, Particular attention was dedicated to the 

low chalcocite Cu2S structure refined by Evans 112,114 which crystallizes in a monoclinic 

ell a= .  Å, = .  Å, = .  Å, β= . ° . The st u tu al odel a  e 
described as a hexagonal arrangement of sulphides ions perpendicular to the c axis, with 

the Cu ions partially filling the triangular sites in the hexagonal plane of sulphide anions, 

and the triangular sites between two successive planes. This second type of Cu ions is 

intrinsically characterized by a high mobility in the (a, b) plane 115. These structural 

results are in agreement with recent EXAFS studies, revealing a chalcocite-like local 

structure for copper sulphides in similar systems obtained by means of E-ALD 67. 

The measured periodicity along the c axis is 6.75 Å 116, very close to half of the periodicity 

along c observed by Evans112,114. This metrics corresponds to a distance between two 

b 

c d 

a 
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adjacent sulfur layers of 3.37 Å. In the Cu-S compositional field this value is related to 

the stoichiometry. Thus, we can extrapolate that the stoichiometry of our deposited film 

is Cu2S113, which is consistent with the result of the EDX study reported in Table 5-3. 

Considering the orientation of the film with respect to the substrate it possible to define 

only one non-trivial epitaxial relationship (11x2) with a strain lower than 5% (-0.8%). 

Moreover, the structural relationship between low chalcocite and the high symmetry 

Cu2S structure reported in this study involves the planarization of the CuS3 fragments. 

Such distortion is likely due to a substrate-induced straining which can be considered as 

an epitaxial effect as well. Hence, the SXRD data suggest the commensurate growth of a 

new Cu2S phase, by means of an epitaxial process involving linear and angular straining 

of the in-layer Cu-S bonds of a chalcocite structure. 

The Lorentzian width of the in-plane peaks profile showed that the domains keep 

increasing in size until 40 cycles, reaching the remarkably average size of 1000±100 Å. 

Out of the plane, the width of the purely Lorentzian width is much larger resulting in 

domains size of ~140±14 Å after the 40th cycle. Thus, the expected value of the film 

thickness is at least 140 Å. The asymptotic trend towards a constant value of the width 

(Figure 5-4d), namely the saturation value, might also be an indication of a multidomains 

growth along the l direction. However, the absences of the XRR fringes, while confirming 

the high roughness of the film, hinders the precise analysis of the thickness of the 

deposit. The XRR data analysis has to take into account the lower boundary of the film 

established by the Lorentzian width. This allowed to define an additional two layer 

models: 

Model 1: Water/High density layer/Substrate  

Model 2: Water/Low density layer/High density layer/Substrate 

For the last model two almost equally good fits have been obtained. To confirm the 

existence of a lower density top layer we compared Model 1 and Model 2 (Table 5-4) 

where Model 2 has been fitted with fixed parameters in order to have the same number 

of estimated parameters. The estimated uncertainties of the two fits in Table 5-4 show 

that they can be considered comparably accurate. The relative scattering lengths are 

reported in Figure 5-12, confirming the existence of a lower density top layer. This 

confirms that the stallites  size is compatible with the thickness reckoned by XRR data. 

On these basis, the pseudo single crystal pattern showed by the reciprocal space maps, 

the high optical density of the bottom layer and the low optical density of the top layer 
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suggests the emerging of separated crystallites from a etti g la e  resembling a 

Stranski-Krastanov growth mechanism. 

 

    Model 1     Model 2     

Roughness of the substrate (Å) 3.25  ± 0.02  3.25  ± N/D (Fixed) 

Thickness of the bottom layer (Å) 18,84  ± 0.08  18.84  ± N/D (Fixed) 

Density of the bottom layer (Å3) 0.0178 ± 0.0001 0.0178 ± N/D (Fixed) 

Roughness of the bottom layer (Å) 6.54  ± 0.08  6.54  ± N/D (Fixed) 

Thickness of the top layer (Å) -   - 82.59  ± 0.06  

Density of the top layer (Å3) -   - 0.0120 ± 0.0007 

Roughness of the top layer (Å) -   - 22.42  ± 0.05  

 

Table -  Co pa iso  et ee  the esults of the fitti g of the XRR data ith the t o 
sta k odels. 

 

Although the relevant expected compressive epitaxial relationship would support this 

hypothesis, there are not experimental evidences of the growth of a wetting layer in the 

analysis of the Bragg peaks. Accordingly, this layer could be induced by the release of 

strain occurring at a certain stage of the growth, likely at the saturation of the increasing 

of the domain size. 

The micrographs in paragraph 5.1.5 present worm-like structures which could be related 

to the islands that are expected to be growing at the end of the process. However, the 

density of the top layer is the 67 % of hal o ite s crystallographic density, while the 

coverage of the electrodic surface due by the worm-like structures is less than 25%. 

However, their size at the contact with the flat part of the sample is probably of the 

order of the crystallite size. 
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Figure -  S atte i g le gth de sities of the t o odels fitti g the XRR data. A 
d a ati  diffe e e is p ese t fo  dista e highe  tha   Å alo g z. 

Moreover, these structure are clearly polycrystalline in contrast with the absence of 

Debye rings in the reciprocal space maps. On this ground, we can exclude that they can 

grow to the last part of the E-ALD process. Since in the ExCuS it has been observed both 

other epitaxial phases and Debye-rings, the worm-like structure are likely to be grown 

when the electrode is removed from the cell. It is still not clear if their growth occurs 

contemporarily to the structural changes observed when the potential is removed or 

when the electrode is removed from electrochemical cell, in the latter case not 

comparable with the operando SXRD data. 

Hence, while the growth of the worm-like structure is not understood, we can exclude 

that they concur to the process observed by means of any operando measurement. 

From the whole set of operando data and related consideration we can infer a four 

stages growth mechanism (Figure 5-13) for the epitaxial phase: 

1) The deposition of the Sad occurs through the formation of S atoms triplets 

capping the Ag(111) surface55 with a periodic array.  

2) The first Cu monolayer occurs through the thermodynamically driven formation 

of pseudomorphic Cu-S layer. As suggest by Pattrick et al. 117 the building blocks 
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of these sulphides are the CuS3 units, which can be inferred to form the 2D 

planar structures.  

3) From the  4th to 40th E-ALD cycle the formation of a relaxed (not pseudomorphic) 

compact layer dominates the growth. The crystallites have probably a ratio 

between the in-plane and out-of-plane dimensions of the order of 10. The grain 

boundaries could include hexagonal triple junctions.  

4) Finally accumulated strain in the wetting layer is released forming coherent 

islands which developed the final microcrystalline structure with constant 

lateral size from the 40th cycle.  

 

 

Figure -  Pi to ial ep ese tatio  of the p oposed e ha is  fo  the E-ALD 
g o th of Cu S. 

 

 

 

 

  

Formation of S adlayer   
Formation of CuS   fragments   

 Growth of the defective wetting 

layer 

  

 Overgrowth of isoorientated 

islands s     



Electrodeposition, characterization and modeling of 
technologically interesting films 

71 
 

5.2. Ag(111)/CuxZnyS 

 

5.2.1. Preparation of the samples 

 

The samples have been prepared according to synthesis developed in our laboratory 

by Cinotti et al. 27. Table 5-5 presents the electrochemical synthesis performed for this 

study according to this protocol. 

La el Method Deposition sequen e 

Op :  E-ALD operando at ESRF Ag/ S/Cu/S/Zn /S 

Ex  E-ALD ex-situ at UNIFI Ag/ S/Cu/S/Zn /S 

Ex4  E-ALD ex-situ at UNIFI Ag/ S/Cu/S/Zn /S 

Ex6  E-ALD ex-situ at UNIFI Ag/ S/Cu/S/Zn /S 

Table -  List of the ele t o he i al s thesis p ese ted i  this pa ag aph. 

 

5.2.2. Operando analysis of the growth 

 

For the Op1:1 we detected both Debye rings and Bragg peaks patterns, revealing the 

presence of a disordered phase and an epitaxial phase in the film. Hence, during the 

growth, the Debye rings pattern has been collected by means of azimuthal scans (-

scans see paragraph 4.2.3) while the study of the Bragg peak followed the same strategy 

applied in the characterization of Cu2S (paragraph 5.1).  

 

The -scans were performed on the Op1:1 sample at different stages of growth (0, 15, 

30, 45 and 60 cycles). The -scans of the sample Op1:1 at 60 cycles is shown in Figure 

5-14a. All reflections can be indexed according to the structure of monoclinic chalcocite 

(space group P21/c 112), the barely detectable discrepancies (Figure 5-14b) are 

compatible with wurtzite structure (space group P 63mc 61). Under the limit of the 

method (1 wt%), no other reflections due to spurious products or relics of the precursors 

are evident (Figure 5-14b). The R-Bragg values for the Rietveld fits are in the range of 4-

10. The -scans are presented in Figure 5-14c after the removal of the background signal 

from the diffuse scattering. The -scans show a monotonic growth of the disordered 

phase which seem to increase rapidly between the 45th and 60th cycles. This trend is 

quantitatively confirmed by the results of the Rietveld quantification, as illustrated by 

Figure 5-14d, where we report the scale factor (i.e. a factor proportional to the total 

amount of chalcocite) versus a function of the number of E-ALD cycles. Apparently, the 
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growth of chalcocite proceeds with a higher rate between the 15th and 30th and between 

the 45th and the 60th cycle, than between the 30th and the 45th deposition cycle. The 

growth process is studied by following the trends for the fit parameters obtained by 

single line profile analysis of the Bragg peaks in the Op1:1 sample. The Bragg peaks 

match the ones of the Cu2S chalcocite-like crystal structure previously described 

(paragraph 5.1). In the following, the growth parameters related to the peak at (0.73, 

0.73, 4.19) are presented in Figure 5-15. Among the most intense, this peak has no 

overlapping with other signals and provides very reliable information. The peak profiles 

registered at the different number of deposition cycles are shown in the Figure 5-15a, 

together with the least-squares best fit curves obtained using a Voigt function 

(paragraph 4.2.3). There is a small change in the B agg s peaks position during the 

growth (in the range 4.194-4.204 rlu) and with respect to the Cu2S grown by means of 

the binary scheme (4.19 rlu) (see paragraph 5.1). These discrepancies are in the range 

0.1%-0.4%, thus comparable to the uncertainties of the positioning and the fit. Hence, 

the position can be considered constant during the process, although slightly changed 

with respect to Cu2S (paragraph 5.1.2). The evolution of the most relevant parameters 

is shown in the graphs of Figure 5-15b: wL decreases until the cycle 45 and then 

increases slightly: this can be related to an increase of crystallite size at least up to the 

45th cycle. The trend for wG is exactly the opposite, thus pointing to an increase of strain 

of the film until 45 cycle. The scale parameter A, which is related to the amount of 

deposited material, grows up to 45 cycle and then decreases slightly.  
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Figure -  a  Ra  i -pla e XRPD patte  of the Op :  sa ple at  les the fit 
o ti uous li e  is supe i posed to the e pe i e tal poi ts,  a kg ou d su t a ted 

i -pla e XRPD patte  of the Op :  sa ple at  les o pa ed ith the est fit of the 
Riet eld a al sis a d the positio  of the u tzite efle tio s,  i  pla e XRPD patte s 
of the Op :  sa ple a d d  Riet eld s ale fa to s at diffe e t g o th stages.  
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Figure -  Results of the B agg peaks a al sis fo  the Ope a do D- aps at . , 
. , . . a  the B agg peaks ith the elated est fits a d  the pa a ete s 
esulti g f o  the est fits. 

 

5.2.3. Operando analysis at the end of the growth 

 

The different peaks analyzed during the sample growth can be observed in the (h, k) 

intensity map measured at a constant L value of 1.045 rlu. The maps of Op1:1 reveal an 

apparent pseudo single crystal hexagonal pattern (Figure 5-16), and the presence of 

rings. The dependence of the intensity along the l direction shows that the rings are due 

to phases almost perfectly oriented along the [0 0 1] direction. The reflections present 

as Bragg peaks have a periodicity and structure comparable to an ordered phase of Cu2S 

(see paragraph 5.1). We also registered the presence of the characteristic Bragg peaks 

in the positions expected for wurtzite, i.e. (0 0.75 1.13). However, these Bragg peaks are 

very close to the peaks of the Cu2S, i.e. (0 0.73 1.045). Accordingly, the proximity of ZnS 

and Cu2S reflections prevented a quantitative analysis. Eventually, superimposed to the 

Bragg reflections, a set of Debye rings can be identified (Figure 5-16).  
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Figure -  Ope a do h,k i te sit  aps at l= .  easu ed fo  the Op :  sa ple. 

 

5.2.4. Micromorphology and semi-quantitative analysis 

 

The SXRD a al sis of sa ple Op :  poi ts to the g o th of at least o e pol stalli e 
phase o  the top of the sa ple. Figu e -  sho s the o pholog  of the E , E  
a d E  sa ples o espo di g to diffe e t stages of g o th fo  the Op : . After 20 

deposition cycles, the surface is no longer smooth similarly for the ex-situ Cu2S film 

(paragraph 5.1). The film is covered by several grains stepping ahead from its surface. 

After 40 cycles, these structures are replaced by nanowires with the length of the order 

of 1-2 microns, and the thickness in the range of few tens of nanometers. After 60 cycles, 

the number, density and length of the nanowires is definitely increased, whereas the 

wire thickness has remained almost the same than before, in full agreement with 

previous studies on this type of film67,118. These evidences suggest that at a certain stage 

of the growth an intermediate step of reorganization occurs, stimulating the formation 

of thread-like structures. With the increasing number of deposition cycles, the 

morphology of the ternary compound becomes more complex, leading to the formation 

of thread-like structures with length of several µm and sub-micrometric diameter.  
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Figure -  Mo phologi al a al sis of the Cu Z S :  at X a , ,  a d at X 
d , e , f . a  a d d  efe  to E ,  e  E  hile  f  E  . 

 

5.2.5. Predominance charts of the Cu-Zn-S-O-H system 

 

This system represents a solution of Zn and Cu salts in ammonia buffer (50mM of NH3 

and 25mM of HClO4) at the equilibrium with the solid phases. On the ground set by the 

review of the known literature, no Cu-Zn-S ternary compound were included to the 

wateq4f.dat, since none of them is generally accepted as a thermodynamically stable 

phase at room temperature 120. When considering the following concentration: [Zn]=5 

10-4 mol/kgw [Cu]=5 10-4 mol/kgw [S]=5 10-3 mol/kgw, the Pourbaix diagram of this 

system constitutes a general description of the chemical environment where the 

synthesis of the CuxZnyS is performed. The main difference with E-ALD environment is 

the formal concentration of S which is 5 10-3 mol/kgw. The excess of sulfur formal 

concentration with respect to metals is a common practice to compute the 

predominance charts within the phreeqc framework, to prevent sulfur from acting as a 

limiting species for the precipitation of sulphides. In order to clarify which is the most 

stable phase for each element at given thermodynamic conditions, Figure 5-18, Figure 

5-19 and Figure 5-20 depict the predominance charts specific for each relevant element 

(respectively Cu, S and Zn). Figure 5-18 depicts the predominance charts of the copper-

bearing species. It is worth noting that chalcocite results as the most stable sulfide 

phase. Figure 5-18 reports the predominance chart for copper-bearing species in the E-

ALD environment. As elsewhere reported for other environments 121, in the lower part 

a b

 

c

 

d e

 

f
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of the plots (more reducing conditions) copper sulphide phases dominate the charts. In 

the upper part of the plots copper oxides are the most abundant phases. The only region 

where solid phases are lacking occurs at very low pH in oxidizing conditions, where Cu2+ 

is the main aqueous species. The inset in Figure 5-18 Predominance charts for the 

copper bearing phases, assuming [Zn]=5 10-4 mol/kgw [Cu]=5 10-4 mol/kgw [S]=5 10-3 

mol/kgw., roughly depicts the range of pH and potential where the whole E-ALD occurs, 

giving an insight about the most stable solid phases involved in the growth of CuxZnyS: 

these species result elemental copper and chalcocite.  

 

 
Figure 5-18 Predominance charts for the copper bearing phases, assuming [Zn]=5 10-4 

mol/kgw [Cu]=5 10-4 mol/kgw [S]=5 10-3 mol/kgw. 
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Figure 5-19 Predominance charts for the sulfur bearing phases, assuming [Zn]=5 10-4 

mol/kgw [Cu]=5 10-4 mol/kgw [S]=5 10-3 mol/kgw. 

 

 

 

Figure -  P edo i a e ha ts fo  the zi  ea i g phases, assu i g [Z ]=  
-  ol/kg  [Cu]=  -  ol/kg  [S]=  -  ol/kg . 
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Figure 5-19 shows the predominance charts of the sulphur-bearing species. A 

comparison with the Pourbaix diagrams of the Cu-S system reported by Peters 122 and 

Huang (2016) 123 shows that the only difference is the reduced stability of elemental 

sulfur. The absence of reduced aqueous sulfur species is evident in the upper part of our 

diagram. These discrepancies with Cu-S system have to be accounted for the presence 

of competitive equilibria involving also the precipitation of zinc and copper sulphides as 

well as other redox equilibria in the liquid phase. Figure 5-20 depicts the predominance 

charts for the zinc-bearing species. It should be noticed that the potentials at which we 

perform the E-ALD steps (inset in fi Figure 5-20) is across the ZnO/ZnS stability boundary. 

 

5.2.6. Modelling of the E-ALD cycles 

 

Paragraph 5.2.5 showed clearly that the only solid phases precipitating during the 

process (except the first step) are chalcocite, sphalerite, Cu and zincite. This result is 

confirmed in this paragraph while two models are applied to the E-ALD process. 

Constant volume model 

Figure 5-21 shows the plot of the cumulative molar amount of the main solid phases as 

a function of the number of E-ALD steps. A transient regime of the chemical speciation 

for the first 20 steps is apparent. Successively, the system reaches a pseudo-periodic 

regime. Further detail on the transient regime is given in the inset to Figure 5-21, where 

a close-up on the first 6 E-ALD steps is shown. In general, the cleaning steps after each 

deposition step do not affect the amount of precipitated phases. To achieve more 

eada le g aphs e did t epo t the a ou t of a a thite i  Figure 5-21 and Figure 5-23, 

however we find that the first step deposits the S-adlayer as expected, due to the excess 

of free energy added to the acantite species to model the strong interaction with the 

Ag(111) surface. While none of the 4 relevant solid phases are not present after the first 

step due to the formation of acantite, the second step (reduction of copper) results in 

the precipitation of metallic copper. The third step (oxidation of sulfur) leads to the 

complete sulfidization of the metallic copper, converted completely to chalcocite. The 

fourth step leads to the deposition of the zinc as zincite and the desulfidization of 

chalcocite leading to the formation of sphalerite and metallic copper. The fifth step leads 

to the complete sulfidization of metallic copper and zincite converted respectively in 

chalcocite and sphalerite. The sixth step of this sequence is the deposition of copper. At 

this stage, the formation of chalcocite apparently occurs at the expenses of sphalerite, 

probably due to the higher stability of the former. Although the sixth step leads clearly 
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to a diminishing of total Zn in the solid phases, unexpectedly the extended trend over 

120 steps (depicted in Figure 5-21) shows the steady growth of chalcocite and sphalerite 

over zincite and metallic copper. The apparent excess of sphalerite over chalcocite is 

removed when considering the amounts normalized over the metal atoms per unit 

formula (0.0146  chalcocite and 0.010 sphalerite). 

 

Figure -  A ou t of the solid spe ies as o puted  ea s of the o sta t 
olu e odel. I  the i set a d the ai  plot the lue, ed, ello  a d lue 
u es ep ese ts the total a ou ts of sphale ite, hal o ite, oppe  a d zi ite 
espe ti el . 

During the pseudo-periodic regime (after 20 steps) every time copper is deposited, the 

total amount of zinc in the solid phase is reduced (Figure 5-22a), while during the whole 

process there is no net diminishing of copper in the solid phases (Figure 5-22b). 

Moreover, Figure 5-21  confirms zincite as the less stable solid phase when the reduction 

of the amount of Zn in the solid phase occurs (during the deposition of copper).   
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Figure -  A ou t of the total etal io s i  the li uid phase o pa ed to the 
ha ge of the a ou t of solid phases o sta t olu e odel . 

 

Total depletion model 

It should be considered that the constant volume model could not describe the effect 

induced by the exchange of solution, underestimating the Cu/Zn ratio. As discussed in 

paragraph 4.5.2, the total depletion model provides a description of the maximized 

consequences of the solution exchange. On the ground established by paragraph 4.5.2, 

the total depletion model for CuxZnyS has been developed under the assumption that 

during the flux of the copper solution inside the cell (fluxing a volume several times 

bigger than the cell volume, to change the solution) zincite is completely depleted. The 

results of such model are depicted in Figure 5-23, one can observe that the only species 

able to establish a growing trend is chalcocite. Conversely, sphalerite slowly decreases 

after the 20th cycle. Thus, the Cu/Zn ratio at the end of the process is by far larger than 

the ratio obtained with the constant volume model (18.9). 

a a b 
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Figure -  A ou t of the solid spe ies as o puted  ea s of the total 
depletio  odel. I  the plot the lue, ed, ello  a d lue u es ep ese ts the 
total a ou ts of sphale ite, hal o ite, oppe  a d zi ite espe ti el . 

 

Recalling that Figure 5-21 and Figure 5-23 depict the main results of the constant 

volume and total depletion models, respectively, Table 5-6 shows the comparison of 

the expected Cu/Zn ratio with the experimental data after 120 steps [17-19].  

 Cu/Zn REF 

Constant volume 1.46 This study 

Total depletion 18.9 This study 

Experimental Ex60 6 118 

Table -  Co pa iso  et ee  the theo eti al a d e pe i e tal Cu/Z  atios. 
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5.2.7. Discussion 

 

The hole set of the e pe i e tal data o tai ed i  this pa t of stud  highlights, a d 
o fi s, the p e ious fi di gs o  the E-ALD films realized on the Cu-Zn-S system 

[18,19]. The data (Figu e -  and Figu e - ), point out that ordered (pseudo-single 
stal  a d diso de ed pol stalli e phases a e o u i g i  the sa ple Op : , as ell 

as that the fi al p odu t do o tai s t o diffe e t Cu S phases, ith diffe e t st u tu al 
a a ge e ts, a d u tzite Z S. This e ide e appa e tl  o t asts hat al ead  
o se ed o  othe  i a  sulphides, i ludi g the Cu S itself [ , ], a d the te a  Z -
Cd-S fil s [ , ]. 
The set of pseudo-si gle stal B agg efle tio s has ee  assig ed to the Cu S 

hal o ite t pe  phase al ead  e ko ed du i g the ope a do SXRD stud  of the E-ALD 
g o  i a  oppe  sulphide see pa ag aph . . The g o th of the o de ed phase 
is si ulta eousl  a o pa ied  the fo atio  of a diso de ed Cu S phase, this latte  
full  oi ide t ith the atu al lo  te pe atu e hal o ite pol o ph, the p ese e of 

hi h is also o fi ed  the De e i gs p ese t i  the ap of Figu e - . The fi al 
assig e t of this diso de ed phase as o fi ed  ea s of Riet eld a al sis Figu e 

- . Co e i g Z S, ou  data poi t to t o possi le phases i  the sa ple, i.e. e tai l  
a pseudo si gle stal u tzite a d possi l  a pol stalli e u tzite. This esult a  e 
o side ed i  li e ith othe  studies , , i  fa t, the p ese e of t o phases Cu S a d 

Z S as de i ed f o  XAS spe t os op . These autho s ha e att i uted Z S eithe  to 
u tzite o  to sphale ite pol o phs, ith p efe e e to the latte , ut the  e e ot 

a le to fi all  sol e this issue e ause of the sho t- a ge st u tu al e i o e t 
i estigated  the XAS te h i ue a ou d Z . The stud  of the t e ds of the Cu S 

stallites st ai  a d size Figu e - a  depi ts a  e e  o e o ple  situatio  
o u i g du i g the stal g o th. These t e ds suggest a g o th less o de ed tha  the 
o e fo  Cu S sa ples a al zed i  pa ag aph . . The stallite st ai  a d size alo g the 
-a is i ease ith the depositio  les u til the th le a d the  a uptl  

de eases; the sa e t e d is follo ed  the alue A, hi h is elated to the a ou t of 
the o de ed Cu S deposited. It is o th to oti e that afte  the th le, the a ou t of 
the pol stalli e phase i eases, he eas that of the epita ial phase de eases. Si e 
the i te alatio  of les dedi ated to the depositio  of Z -S la e s is the o l  diffe e e 

et ee  the E-ALD s he e fo  the di e t g o th of Cu S pa ag aph . , the effe t of 
the Z  depositio  step e e ges lea l . The data o fi ed that the a u ulatio  of the 
st ess as ell as the g o th of the a o i es a e st aight elated to the effe t of the 
depositio  of Z . Mo eo e , the a al sis of the data suggests that the elease of the 
st ess leads to the a upt i ease of the a ou t of the pol stalli e phase du i g the 
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last pa t of the g o th.  A  opposite t e d is e o ded fo  the diso de ed patte , fo  
hi h the Riet eld s ale fa to  o tai ed f o  the -s a s i eases a uptl  f o  the 

th le to the th le Figu e - . The i og aphs fo  the e -situ sa ples 
egiste ed the a upt i ease of a e  o ple  et of a o i es et ee  the th a d 

th les Figu e - . Si e o othe  diff a tio  sig als e e e o ded o  this s ste , 
the a o i es a e att i uted to the diso de ed phase o se ed  the -s a s, i.e. to 
Cu S hal o ite. He e, the i og aphs allo  a isual o fi atio  of the a upt 
i ease of the diso de ed phase i  the last pa t of the g o th. F o  the ea l  stages of 
the g o th, at least t o phase a e lea l  p ese t: a  o de ed phase pseudo-si gle 

stal  a d a diso de ed pol stalli e  phase, as o fi ed  o phologi al a d 
st u tu al data. I  ge e al, the g o th of the Cu Z S  ea s of E-ALD see s to e 
d i e   the o u e e of oppe -sulphides st u tu es, as e pe ted f o  e e t 
studies that e ealed a st o g Z  defi ie  . No othe  phases i ol i g zi  sulphides, 

ut u tzite, a e p ese t. Ho e e , e e t studies ha e suggested the o u e e of the 
u i  Z S pol o ph, sphale ite .  Rega di g the u e t assig e t of the Z S 

st u tu e i  the Cu Z S, the pe fo ed diff a tio  i estigatio  p ope l  deal ith the 
lo g a ge a a ge e t of the st u tu e.  
The SXRD allo ed the ha a te izatio  of the ha ges i  the featu es of the stallites 
of the pseudo-si gle stal a d i  the s ale fa to s of oth the pseudo-si gle stal a d 
the pol stalli e phase. Afte  the th le, ost of the st ess is eleased  i easi g 
the a ou t of diso de ed phase, likel   ea s of a st u tu al ea a ge e t o  e-

stallizatio . Co pa i g the g o th of Op :  ith the di e t g o th of Cu S [ ] e 
e ko ed a ge e al i ease of the st ai , e eali g a high o e t atio  of a do l  

dist i uted st u tu al defe ts i  the Cu S epita ial phase. The h pothesis is that Cu 
a a  o  Z  i lusio  i  a defe ti e Cu S st u tu e e plai  the i eased st ai . I  this 
o te t, the effe t of the Z  depositio  step e e ges lea l , leadi g to a u ulatio  of 

st ess that see s to d i e the g o th of the a o i es, he e leadi g the a upt 
i ease of thei  a ou t du i g the last pa t of the g o th.  
These results points to the occurrence of a complex growth process involving an 

oriented and strained phase with a randomly oriented, polycrystalline phase growing on 

top of it jointly with and the Zn-deficiency. Our modelling approach aimed to 

understand, from a thermodynamic standpoint this complex mechanism. The 

calculation performed in the Phreeqc framework reproduced the experimental trends, 

giving a clear (although qualitative) insight in the growth process, confirming the link 

between the Zn-deficiency, the arising of the thread-like structure and the dissolution 

of Zn during the Cu deposition step.  
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The relevance of the main species has been reckoned by a preliminary study of the 

predominance chart and confirmed also by the calculation of the E-ALD steps, carried by 

means of the two extremes models: 

 Co sta t olu e : he e the olu e of solutio  is o side ed o sta t. He e, 
the effect of the exchange of solution in the cell is not considered. 

 Total depletio : he e the solutio  is o side ed to e hanged several times 

at fixed potential leading to the complete dissolution of the less stable phase 

(zincite).  

In this context, the pursued computational approach demonstrated that the expected 

dominant phase in the bulk of the grown material is chalcocite.  

- Regarding the Zn-deficiency: Table 5-6 shows that the experimental Cu/Zn is 6:1, 

hence between the two extremes value of 18.9:1 (total depletion model) and 

1.46:1 (constant volume model). Such values point out that we successfully 

implemented two extreme models for the E-ALD growth of CuxZnyS. Since the 

theoretical value is not perfectly matching the experiments, we suggest that the 

depletion of zincite during the reduction of copper is not complete as we 

assu ed fo  the total depletio  odel . We o side  su h i o plete 
depletion as related to the following factors: the contemporary growth of a 

surface driven epitaxial phase, the kinetics of the redissolution processes and 

the convective transport of dissolved species during the renewal of the solution. 

However, we found a net decrease of zinc (between 0.3% and 1% even in the 

constant volume model), suggesting that the periodic interconvertion of Zn 

between sulfidized and oxidized species, and the preferential dissolution of 

zincite are the cause of the Zn-deficiency in the E-ALD growth of CuxZnyS.  

- Regarding the overgrown thread-like structure: both our models forecast a 

prevalent amount of chalcocite. Since most of the polycrystalline phase in the 

CuxZnyS is chalcocite[15], we suggest that the occurrence of the thread-like 

structure is related to the precipitation/dissolution equilibria involving the 4 

relevant species when depositing copper. In these conditions, the net results is 

the precipitation of bulk chalcocite at the expense of sphalerite (involving 

sphalerite to zincite dissolution-precipitation reactions and partial zincite 

dissolution).  

To explain in deeper details the process we propose a mechanism ground on the 

following five competing equilibria guessed on the basis of the complete simultaneous 

equilibria system described in paragraph 5.2.5: 
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Cu2+ +2 e-  Cu(s)     5-1 

Zn2+ + 2OH- ZnO +H2O    5-2 

2 Cu(s) + OH- + HS- Cu2S(s) + H2O + 2 e-  5-3 

ZnO(s) + HS-  ZnS(s) + OH-    5-4 

ZnO(s) + H2O Zn(OH)2(aq)    5-5 

Equilibria Cu2+ +2 e-  Cu(s)     5-1 and Zn2+ + 2OH- 

ZnO +H2O    5-2 are mainly involved during the steps leading 

to the deposition of Cu and zincite. Equilibria 2 Cu(s) + OH- + HS- Cu2S(s) + H2O + 2 e- 

 5-3 and ZnO(s) + HS-  ZnS(s) + OH-    5-4 are 

involved in the deposition of sulfur, leading to the sulfidization of Cu and zincite. Starting 

from the sixth step, everytime that a solution of Cu2+ is kept at -0.18 V, the presence of 

solid sulphides enables the formation of chalcocite at the expense of sphalerite through 

the competition of equilibria Cu2+ +2 e-  Cu(s)     5-1 - 

ZnO(s) + HS-  ZnS(s) + OH-    5-4, resulting also in a partial 

conversion of sphalerite to zincite. Moreover, equilibrium 5 is responsible for the 

decrease of the total Zn content in the solid phases (at a rate in the range 0.3-1% per 

cycle) through the dissolution of zincite. 

 

5.3. Ag(111)/CuxZnyS/CdS 

 

5.3.1. Preparation of the samples 

 
The samples have been prepared according to synthesis developed in our laboratory by 

Berretti et al. 124.  Table 5-7 summarizes the electrochemical synthesis performed for 

this study. The cadmium sulphide was grown on the Ag(111)/CuxZnyS substrate 

according to two different methodologies:  

1) using the E-ALD method (samples ExCuZnS/CdS, Table 5-7) 

2) checking the charge deposited at each cycle (samples QCuZnS/CuS, Table 5-7) 

The E-ALD Ag(111)/CuxZnyS substrates were prepared repeating 40 times the cycles 

described by Cinotti et al. 27,118. The Cd deposition potential, -0.4 V, has been chosen 

assuming the peak at –0.3 V related to a SLR. The QCuZnS/CuS samples were prepared 

repeating cycles constituted by potentiostatic depositions under the control of our 

programmable automatic systems (paragraph 4.1) which integrate the current over time 
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and stops the deposition when the charge deposited reaches the set limit. In particular, 

the sample has been prepared according to the following procedure defining the cycle: 

- Cd deposition at - 0.5 V until 75 µC/cm2 charge are deposited 

- Rinsing at - 0.5 V with ammonia buffer 

- S deposition at -0.68 V until 75 µC/cm2 charge are deposited 

- Rinsing at - 0.68 V with ammonia buffer 

These cycles where repeated 40 times in order to obtain the sample. The deposition 

potential of cadmium has been chosen as the beginning potential of Cd bulk deposition, 

as reported in literature 21.  

The charge value set for the deposition has instead been chosen observing the deposited 

amount in the binary film of CdS grown on the Ag (1 1 1) by E-ALD method 21,51,52.  

Label Method Deposition sequence Layer scheme 

Ag/Sad E-ALD  Ag/S Ag/S 

Ex20 E-ALD Ag/(S/Cu/S/Zn)20/S Ag/p/S 

ExCuZnS/CdS E-ALD Ag/(S/Cu/S/Zn)20/(S/Cd)40/S Ag/p/n/S 

QCuZnS/CuS Charge control Ag/(S/Cu/S/Zn)20/(S/Cd)40/S Ag/p/n/S 

OpCuZnS/CdS E-ALD Ag/(S/Cu/S/Zn)20/(S/Cd)40/S Ag/p/n/S 

Table -  List of the ele t o he i al s thesis p ese ted i  this pa ag aph. 

 

5.3.2. Operando analysis at the end of the growth 

 

In the reciprocal space maps ( 

Figure 5-24) at l=1.05 both Debye rings and Bragg peaks as for CuxZnyS. The Bragg peaks 

of this phase, if compared with the results illustrated in the  paragraph 5.2.3 can be 

safely assigned to the Cu2S in the ternary CuxZnyS. However, only the most intense peaks 

are present whereas most of the intensity diffracted form the deposit lies in the Debye 

rings. 
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Figure 5-24 The reciprocal space maps (figure X) at l=1.05 for OpCdS/CuS 

5.3.3. Micromorphology and semi-quantitative analysis 

 

The secondary electrons (SE) micrographs of the ExCuZnS/CdS and QCuZnS/CuS samples 

are shown in the Figure 5-25, at different magnifications (3000x and 10000x). At low 

magnification, the ExCuZnS/CdS and QCuZnS/CuS samples reveal very similar features. 

In particular, a random distribution of particle aggregates is present on the top of both 

the investigated surfaces. At the highest magnification, a closer detail of the aggregates 

is obtained: they exhibit a prevailingly elongated habitus, the elongation dimension 

a gi g et ee   a d  μ , he eas the pa ti le idth is i  the su i o ete  a ge. 
Comparing this feature with the morphology of the ternary film reported in previous 

studies, we note that the ternary CuZnS film is always characterized by the presence of 

elongated nano to microstructures, the length of which depends on the number of the 

E-ALD cycles 67,119. Accordingly, also in the present case the particle aggregates can be 

tentatively attributed to a specific feature of the p-layer. Below the aggregates, an 

almost homogeneous film is covering the Ag(111) electrode surface. The seldom 

presence of holes, already described for E-ALD films of metal sulphides 28, can be 

observed. 
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Figure -  Mo pholog  of the thi  fil s o tai ed i  the t o diffe e t ethods at 
diffe e t ag ifi atio s:  E-ALD te h i ue a a d  a d  he ki g the deposited 
ha ge  a d d . 

 
If the micrographs of the samples ExCuZnS/CdS and QCuZnS/CuS samples are compared, 

only minor differences can be highlighted. The first one (Figure 5-25c) consists in the 

concentration of aggregates, which appears slightly higher in the ExCuZnS/CdS sample 

than in the QCuZnS/CuS sample. Then, the Figure 5-25d reveals a higher roughness of 

the QCuZnS/CuS sample, where the presence of plate particles having an average 

diameter in the range 1-  μ  is appa e t. EDX i oa al sis as pe fo ed to gai  a 
survey of the chemical composition of the two samples. The results are listed in Table 

5-8. The main consideration deals with the Cd content, which can be only semi-

quantitatively assessed in the present case through EDX. This is due to the closeness 

between L-edges of Cd a d Ag ≈  eV , espe iall  taki g i to a ou t the diffe e e 
in relative amounts of the two elements (the first is occurring in few atomic layers on 

the top of a bulk crystal of the second). In this study the percentages were calculated 

without considering the Ag content, which was assessed from raw EDX data in the range 

of 90%.  An approximated experimental appraisal of the Cd content in the sample can 
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be sorted out by comparing the (Cu+Zn) over S ratios of the sample before and after the 

CdS deposition, i.e. comparing the microchemical content of these elements in the 

ExCuZnS/CdS and QCuZnS/CuS samples, with respect to that of the B sample. Starting 

from the simple assumption that the addition of 40 layers of CdS over the 20 layers of 

CuZnS deposit yields in a dilution by a factor of ~2 in the EDS relative concentration, we 

would expect that the 1.2(2) (Cu+Zn)/S value become ~0.6. The values obtained for this 

ratio in Table 5-8 are thus consistent with this dilution process, indicating that almost 

one half of the total metal content of these samples is Cd. If directly evaluated, following 

the same assumption, 25 at% Cd would be expected. This value compares well with 

those reported in Table 5-8. 

Moreover, Table 5-8 confirms that sample QCuZnS/CuS has a concentration of Zn and 

Cu consistent with sample B (before the deposition of CdS). Sample C has a lower 

concentration of Zn with respect to QCuZnS/CuS, while the discrepancy between Cu+Zn 

sulphides and S is lower, the concentration of Cd is higher than in sample QCuZnS/CuS. 

 

 

 

 

Table -  esults of the SEM-EDX i oa al sis, e p essed as at% ato  of a  ele e t 
o e   ato s i  the EDX spot . A peak elati e to Z  X- a  e issio  as o se ed, ut 
the elati e ele e tal a ou t e ai s u dete i ed e ause of the high elati e 
u e tai t  % . Co se ue tl , atio of Cu/Z  fo  sa ple C is u dete i ed. 

 

5.3.4. XPS analysis 

 

XPS data were acquired on sample ExCuZnS/CdS. Contamination from carbon and 

oxygen was determined in the order of 30% (surface atomic %), a range very common 

for a so small sample grown by means of E-ALD. In this context, the investigated depth 

can be considered roughly around 5 nm. One has to consider that this value probably 

represents a relevant fraction of the overall ExCuZnS/CdS sample thickness 51. In , at% 

referred to Cu, Zn, Cd and S are reported excluding the contribution of contaminating 

Label Cu Zn Cd S Cu/Zn (Cu+Zn+Cd)/S (Cu+Zn)/S 

Ex20 43±4 12±2 N/D 45±4 3.5±0.9  1.2±0.2  1.2±0.2  

ExCdS/CuS 23±6 <1 30±10 44±8 N/D 1.3±0.8 0.5±0.4 

QCdS/CuS 17±1 3±1 27±2 53±2 7±3 0.9±0.1 0.37±0.05 
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elements. Among the three transition elements, Cd is the most-abundant, followed by 

Zn and Cu. This can be explained by the effective formation of CdS above CuxZnyS film 

underneath. The surface atomic ratios, Cu/Zn, (Cu+Zn)/S and (Cu+Zn+Cd)/S, were also 

calculated based on a quantitative analysis of XPS data, giving values of 0.3 ± 0.1, 1.8 ± 

0.2, and 3.3 ± 0.5, respectively (Table 5-9). From the observation of Cu 2p HR region 

(Figure 5-26a) the Cu 2p3/2 photoelectronic peak falls at BE = 932.5 ± 0.1 eV and no shake-

up signals between 940 and 945 eV (typical of Cu2+ species) can be found, indicating that 

this element is present as monovalent, as in Cu2S 28,125.  

 

 

Figure -  T pi al Cu p a  a d Cu L M M   egio s a ui ed o  thi  fil s 
CdS/Cu Z S p epa ed  E-ALD te h i ue. 

 
Moreover, Cu L3M45M45 Auger signal (Figure 5-26) was studied performing suitable fit 

procedures as previously reported on similar films 79. Positio  of  o po e t, falli g 
at Kinetic Energy (KE) equal to 917.1 ± 0.1 eV, confirms the attribution of copper signal 

to Cu2S. Such results are in agreement with previous findings by Caporali et al. 28. 

Interestingly, Zn2p3/2 position is compatible with the presence of Zn(II) species, though 

the position of Zn LMM main signal (KE = 987.1 ± 0.1 eV) indicates the prevalence of zinc 

sulphate over sulphide 126. Regarding Cd speciation, a single Cd3d5/2 peak was found at 

BE = 405.5 ± 0.1 eV, that is compatible  

 

 

a a 
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Cu  Zn  Cd   S  Cu/Zn  (Cu+Zn+Cd)/S  (Cu+Zn)/S  

9.5 31.6 35.8 23.2 0.3±0.1 3.3±0.5 1.8±0.2 

Table -  Su fa e a u da e e p essed as at%  a d ele e t atios, as dete i ed  
XPS a al sis o  sa ple E CuZ S/CdS. Ma i u  e o  is ± . % fo  Cu, Z  a d Cd; ± . % 
fo  sulfu . 

 

 

 

5.3.5. Discussion 

 

The operando SXRD results have to be considered as preliminary and qualitative, but 

they reveal that the deposition of CdS occurs, mostly, as a disordered phase. Hence, no 

CdS epitaxial phase can be registered in the sample OpCuZnS/CdS. It can be also 

observed an apparent increase between the Debye rings to Bragg peaks intensity ratio 

with respect to the ternary CuxZnyS discussed in paragraph 5.2.2. This suggests a 

rearrangement of the Ag(111)/CuxZnyS substrate while the CdS is grown by means of E-

ALD. The spectroscopic characterization of the film revealed that it was not possible to 

assess correctly the elemental concentration of Zn in the ExCuZnS/CdS sample, due to 

the intrinsically high uncertainty of SEM-EDX at low concentrations. However, there is a 

substantial difference between sample ExCuZnS/CdS and QCuZnS/CuS, i.e. the lower 

a ou t of Z  ≤ %  i  sa ple ExCuZnS/CdS. We attribute this difference to the 

operating potential for the deposition of Cd, which is closer to the oxidation potential of 

Zn in sample ExCuZnS/CdS than in sample QCuZnS/CuS. Thus, a partial re-dissolution of 

Zn from the film could likely occur. Preliminary XPS analysis corroborates this hypothesis, 

showing also that CdS, Cu2S and Zn(II) are present. Further thermodynamic modelling of 

this process is in progress. It is worth noting that XPS and SEM-EDX elemental analyses 

are characterized by different sampling depths, between tens and hundreds of nm for 

SEM-EDX and few nm for XPS. This means that the film elemental composition as 

determined by these two techniques can result somehow different. As example, Ag% is 

dramatically higher in SEM-EDX than in XPS measurements, confirming that the former 

reckons the average elemental composition in the whole film while the latter 

investigates only its top layer. However, taking into account the typical thicknesses of 

the E-ALD deposits obtained after a similar number of cycles, we can state that at least 

one half of the whole sample is also investigated by XPS. On this ground, we can infer 

that: 1) CdS is more concentrated on the top of the sample, i.e. the CdS and Cu-Zn 

sulphide deposits are, at least approximately, layered; 2) Zn is more concentrated in the 
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top layers of the film while Cu in the bottom layers. This enrichment of Zn in the upper 

layers of the deposit could be related to both its higher solubility (under the operated 

physical and chemical conditions) and to its affinity for the CdS structure.  

The diffusion of Zn from the inner through the CdS layer should be hindered by the 

experimental condition (room temperature and pressure) 127,128, however these data are 

consistent with the operando reciprocal space mapping suggesting a rearrangement of 

the underlying CuxZnyS phase. The possible presence of Zn in the outer layer would not 

change its photovoltaic properties, since Cd1-xZnxS is a well know n-type semiconducting 

material 129.  

A last consideration deals with the occurrence in ExCuZnS/CdS sample of some Zinc 

sulphate. Since there are not electrochemical evidences of the deposition of sulphate 

species, the sulphate layer is probably the results of an ageing process due to the 

oxidation of S2- following the E-ALD process. 

 

5.4. Ag(111)/CdS/Cu2S 

 

5.4.1. Preparation of the samples 

 

No related E-ALD study of such system was known before this work, hence the synthesis 

has been developed by means of several different electrochemical measurements.  

Table 5-10 presents the electrochemical synthesis performed for this study according to 

the following protocol defined in this study. 

In order to grow the Ag(111)/CdS substrate points 3-6 constitute a cycle repeated 60 

times 21. 

1. Deposition of S at -0.68 V for 60 s. 

2. Rinsing at - 0.68 V with ammonia buffer. 

3. Deposition of Cd at -0.65 V for 120 s. 

4. Rinsing at -0.65 V with ammonia buffer. 

5. Deposition of S at -0.68 V for 60 s. 

6. Rinsing at -0.68 V with ammonia buffer. 
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In order to grow the Cu2S substrate points 1-4 constitute a cycle repeated 30 times 

(see. paragraphs 5.4.2, 5.4.3 and 5.4.4): 

1. Deposition of Cu at -0.425 V for 120 s. 

2. Rinsing at -0.425 V with ammonia buffer. 

3. Deposition of S at -0.68 V for 60 s. 

4. Rinsing at -0.68 V with ammonia buffer. 

 

 

Label Method Deposition sequence Layer scheme 

OpCdS/CuS E-ALD operando at ESRF Ag/(S/Cd)60/(S/Cu)30/S Ag/n/p 

ExCdS/CuS E-ALD ex-situ at UNIFI Ag/(S/Cd)60/(S/Cu)30/S Ag/n/p 

Table -  list of the ele t o he i al s thesis p ese ted i  this pa ag aph. 

 

5.4.2. EC study of the buffer solution on Ag(111)/(S/Cd)60/S surface 

 

The substrate consisting of the Ag(111) electrode covered by the CdS film was deposited 

according to the protocol reported in paragraph 5.4.1. The electroinactivity window of 

this new substrate was determined by means of cyclic voltammetry of the buffer 

solution. To avoid oxidation of the substrate (Ag), the cyclic voltammetry of the buffer 

solution on the Ag(111)/(S/Cd)60/S electrode was performed starting from  -0.680 V to -

0.350 V, -0.400 V and -0.100 V at a scan rate of 50 mV/sec (Figure 5-27). As we can see 

from the anodic sweep ending at -0.100 V, metals start to dissolve at about -0.250 V. In 

the cathodic sweep, two cathodic currents are evident at -0.250 V and -0.625 V (Figure 

5-27). Considering the previous works on the Cu2S E-ALD on the Ag(111) substrate (see 

paragraph 5.1), we can thus preliminarily consider the range between -0.300 V and -0.65 

V as a practicable potential window for the Cu deposition. However, it should be noticed 

that the oxidation of Cd from Ag(111)/CdS occurs at the same potential of the oxidation 

of Cu from Ag(111)/Cu2S. Thus the growth of Cu2S over Ag(111)/CdS cannot be studied 

by means of stripping voltammetries as often reported in literature for other systems. 
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Figure -  C li  olta et ies at diffe e t a odi  e te  pote tials  V/s  

 

5.4.3. EC study of the Cu2+ solution on Ag(111)/(S/Cd)60/S surface 

 

In order to refine the viable potential for the electrodeposition of Cu, cyclic 

voltammetries of copper solution (0.5 mM CuCl2) were performed on the 

Ag(111)/(S/Cd)60/S substrate in the electroinactivity of the substrate (-0.650 V to -0.300 

V). We repeated 5 cyclic voltammetries on Ag(111)/(S/Cd)60/S at different cathodic 

vertex potentials without changing the solution (Figure 5-28 and Figure 5-29).  In both 

the voltammetries of Figure 5-28 at the first cycle there is no evident peak, however a 

big cathodic current (up to -23 A) is present, no anodic peak has been registered. In 

the following voltammetries the current deacreases and no peaks are shown again. 

Figure 5-28b is clearly showing an increase in cathodic current after -0.490 V associated 

with a peak at -0.350 V. Still, the current decreases after a few cathodic cycles.  
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Figure -  C li  olta et ies at diffe e t athodi  e te  pote tials a  - .  V  -
.  V  V/s . 

To better understand the peaks in Figure 5-28 we repeated the set of 5 cyclic 

voltammetries for for smaller increase of the cathodic vertex potential. Figure 5-29a and 

5-29b respectively depicts the results of the first and last cyclic voltammetries of each 

series. Figure 5-29 shows clearly how the first 5 voltammetries are not superimposable, 

since the solution is changed between each series there is a hysteresis of the system 

that has to be related to the modification of the surface. Moreover, the wide cathodic 

peak at -0.450 V appears only after a few voltammetric cycles. There are no associated 

anodic peaks, but a small current at -0.380 V appears. The emerging of this cathodic 

peak is probably related to the modification of the surface as well.  

 

Figure -  C li  olta et ies at diffe e t athodi  e te  pote tials a  fi st li  
olta et ies  fifth li  olta et ies  V/s . 

 

a b 

a b 
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Finally, while the cathodic peak at -0.600 V and the associated anodic peak at -0.380 V 

increases with the number of cycles the peak at -0.450 vanishes. Although, we cannot 

establish definitely the surface limited character of the process related to the cathodic 

peak at -0.450 V we can safely exclude that  the process occurring at -0.600 V is not 

surface limited. 

5.4.4. EC study of the Cu2+ solution on Ag(111)/(S/Cd)60/(S/Cu)n/S surface 

 

Linear sweep voltammetries of copper solution (0.5 mM) were performed on the 

Ag(111)/(S/Cd)60/(S/Cu)n/S substrate to confirm that the viable potential found in 

paragraph 5.4.3 leads to a reproducible occurring of SLR over different potentiostatic 

treatment. The behaviour of the copper solution on the surface Ag(111)/(S/Cd)60/S is 

well described in paragraph 5.4.3, showing no peaks. However, it is found different after 

a potentiostatic treatments in copper solution at -0.425 for 120 seconds. Specifically, 

performing four consecutive cathodic scans (linear sweeps in the cathodic sense) we 

obtain the curves shown in Figure 5-30. If the following steps are repeated three times: 

1. Deposition of Cu at -0.425 V for 120 s. 

2. Rinsing at -0.425 V with ammonia buffer. 

3. Deposition of S at -0.68 V for 60 s. 

4. Rinsing at -0.68 V with ammonia buffer. 

 

Figure -  Fou  o se uti e athodi  s a  at V/s, afte  the fi st le the g e  a ea 
o espo f to the ha ge t a sfe ed .  C/  . 
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Then the four consecutive cathodic scans are consistently superimposable to the curves 

in Figure 5-30. This trend continues when reapeting the steps for several times. The peak 

is present in the first scan, vanishes if the scan rate is low enough, Figure 5-30 shows 

cathodic scans at 1 mV/s. For such slow scan rates the peaks can be considered a good 

estimation of the charge transferred by the associated process. The value of ~100 

C/cm2 is comparable with a Cuad on Ag/Sad. 

 

5.4.5. Micromorphology and semi-quantitative analysis 

 

The micrographs in Figure 5-31 show that the ExCdS/CuS surface is characterized by 

two main morphologies: 

- a flat surface with some holes  

- several small worm-like structures overgrowing the flat surface 

The density if this worm-like structure is lower near the edges of the electrode as shown 

by Figure 5-31d. Table 5-11 reports the result of the semiquantitive EDX analysis. It 

should be reported that due to several interferences (i.e. Cd peaks with Ag) the results 

have just a qualitatively nature, suggesting that the process studied in paragraph 5.4.4 

deposits effectively copper bearing phases on the substrate. 

 

 

 

Table -  esults of the SEM-EDX i oa al sis, e p essed as at% ato  of a  ele e t 
o e   ato s i  the EDX spot . The peaks elati e to Cd X- a  e issio  a e 
supe io posed to the peaks of Ag. Co se ue tl , the at% of Cd is ot epo ted i  the 
ta le. 

 

 

 

 

 

 

Label Cu Cd S Cu/S 

ExCdS/CuS  55±4 N/D 45±4 1.2±0.2  
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Figure -  Mi og aphs of t o ep ese ti g po tio  of the sa ple E CdS/CuS. I  the 
e te  of the ele t ode at X a , X , X  a d lose the ele t ode edges at 

X d . 

 

 

5.4.6. Operando analysis of the growth 

 

SXRD analysis on selected peaks was performed every 6 cycles of Cu2S E-ALD growth on 

Ag(111)/(S/Cd)60/S  up to the 30th cycles. The peaks approximately located at (0.73, 0.73, 

1.05) and (0.67, 0.67, 2.32) allowed to monitoring eventual structural changes during 

the growth respectively for the CdS (greenockite) structure in the Ag(111)/(S/Cd)60/S 

substrate and the Cu2S (chalcocite derived) structure expected in 

Ag(111)/(S/Cd)60/(S/Cu)n/S overgrown (Figure 5-32). As shown by the related peak the 

b 

c d 

a 
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CdS layer does not change during the growth of Cu2S. Moreover, the peak at (0.67, 0.67, 

2.32) as FWHM of 0.08 while for (0.73, 0.73, 1.06) is 0.4-0.2 according to the growth 

stage.  

Figure 5-33 depicts the trends of the 4 parameters obtained from the fit of the Voigt 

function on the peaks of Figure 5-32b. The plot in Figure 5-33a shows that the amount 

of deposited material increases with the deposition cycles. Still, we can see a possible 

saturation of the growth at the 30th cycle. Figure 5-33b show the position in the 

reciprocal space of the maximum of the observed peak, which is straightly related to the 

dimension of the unit cell. From the 12th onward the position of the Bragg peak is well 

defined but continuously increasing during the process. Interestingly, the position of the 

Bragg peaks (l=1.055) is slightly expanded with respect to Ag(111)/Cu2S (l=1.045). 

 

Figure -  P ofiles of the B agg peaks alo g the * di e tio  at . , .  a  a d . , 
.  . 

Figure 5-33c and Figure 5-33d depict the Gaussian and Lorentzian widths respectively, 

versus the growth cycles of Cu2S. While Gaussian width seem to decrease during the 

growth, the Lorentzian width is roughly constant. Noticeably, the saturation of the 

a b 
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intensity of the Bragg peak coincides with the saturation of the Lorentzian width (30th 

cycle).  

 

Figure -  G o th u es fo  the peak a ea a , the positio  at the a i u  , the 
Gaussia  eadth G  d  a d the Lo e tzia  eadth L  d  alo g . , . , l . The 
e pe i e tal u e tai ties a e plotted as e o  a s o espo di g to σ. 

 

5.4.7. Discussion 

 

The main achievement of this part of the study is the observation of the growth of Cu 

sulfide over Ag(111)/(S/Cd)60/S by E-ALD. The Ag(111)/(S/Cu)60/S and 

Ag(111)/(S/Cd)60/(S/Cu)30/S revealed the same structural arrangement concerning the 

Cu2S phase (see paragraph 5.1.6). Similarly to the Ag(111)/(S/Cu)60/S, the ratio Cu:S=2 in 

the Cu2S layer of Ag(111)/(S/Cd)60/(S/Cu)30/S is justified by the crystal chemistry of the 

Cu2-xS system. 

The electrochemical stability potential window of the Ag(111)/(S/Cd)60/S was 

ascertained as occurring in the potential range between -0.300 V and -0.650 V (Figure 

5-27). This represents a practicable potential window for the deposition of Cu. In fact, 

the potential value for the SLR on Ag(111)/S is -0.380 V and for the bulk deposition is 

roughly -450 V respectively (depending on the kinetics, see Figure 5-28). However, the 

straightforward determination of the amount of Cu deposited on Ag(111)/(S/Cd)60/S is 

a b 

c d 
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impared by the superposition of the stripping currents related to the anodic dissolution 

of Cd.  

Hence, a different approach had to be applied to check the occurrence of an SLR and 

eventually to refine its potential. Specifically, in the relative CVs only a peak related to 

the bulk deposition was revealed (Figure 5-28). Running several CVs in the potential 

range where the bulk deposition does not occur, a further peak at -0.450 V appeared 

(Figure 5-29). The vanishing of the peak at -450 V over several consecutive CVs suggests 

the surface limited character of the process while the increase of the cathodic peak at -

0.580 confirm that it is consistent with a bulk deposition (e.g. from the comparison of 

the Figure 5-29a and Figure 5-29b). However, the fact that the peak at -0.580 V it is 

registered only after an adequate electrochemical treatment suggests a rearrangement 

of the Ag(111)/(S/Cd)60/S surface. From a practical standpoint this means that the 

surface has to e a ti ated  efo e sta ti g the g o th. 

Noticeably, the two registered cathodic peaks are dramatically shifted with respect to 

the bulk and SLR deposition peaks of Cu on Ag(111)/S respectively -0.430 V and -0.380 

V. The potential shift of SLR peak when changing surface from Ag(111) to 

Ag(111)/S/(Cd/S)60 is not surprising. However, the dramatic potential shift for the Bulk 

deposition is unusual and suggest a slower kinetics of the Cu deposition on 

Ag(111)/(S/Cd)60/S with respect to the Ag(111)/S. Finally, the SLR nature of the Cu 

deposition on Ag(111)/(S/Cd)60/S has been confirmed repeating the cathodic scans in 

Figure 5-30 every three cycles of potentiostatic treatment to deposit S (at -0.680 V in S2-  

solution) and Cu (at -0.425 V in Cu2+ solution). 

The micromorphology of the samples ExCdS/CuS presented in Figure 5-31 is consistent 

with the micromorphology of ExCuS suggesting an ordered growth of the former. The 

EDX analysis of the samples registered the presence of Copper confirming that the at -

0.425 V in Cu2+ solution is in-fact leading to the deposition of copper  

Electrochemical and spectroscopic evidences indicate the effective growth of Cu2S on 

Ag(111)/CdS by means of E-ALD. Conversely, the question if this growth is ordered has 

not yet found a definite assessment. Moreover, the structure of the substrate can be 

altered by the growth of Cu2S, although without exchanging electrons with the surface. 

The main peaks related to CdS and Cu2S structures were monitored during the E-ALD 

growth of Cu2S on Ag(111)/CdS confirming that while the Cu2S grows, the intensity and 

position of the reflections due to the structure of CdS remains unchanged. This reveals 

that no intermixing/recombination is occurring during the growth. The process seems to 

reach a saturation of the growth at the 30th cycles but this has to be confirmed running 

more E-ALD cycles. However, the position of the Cu2S along l is set after the 6th cycle as 

for the growth of Cu2S on Ag(111) (paragraph 5.1.3) with a slightly expanded reciprocal 

coordinate if compared with Cu2S on Ag(111). This is likely due to the epitaxial 

relationship between Cu2S and CdS. Differently from Cu2S on Ag(111) the epitaxial 
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growth of Cu2S on Ag(111)/CdS occurs including defects during the growth on a more 

rough surface.  
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6. Conclusion 
 

In the context of the bottom approach for the semiconducting materials and devices 

based on sulphides thin films, the E-ALD has been studied to answer the questions 

introduced in paragraph 2.5, emerging from the recent literature. It is worth to mention 

that, in the development of this study, the conditions for the growth of p-n junctions, 

based on the sulphides thin film technology, were set up, for the first time. 

Exploiting the operando SXRD techniques, the first structural characterization of Cu and 

Zn-bearing sulphides semiconducting materials grown by means of E-ALD was carried 

out. With respect to previously reported CdS SXRD study, the hereby discussed Cu and 

Zn presented problems difficult to overcome: 

- The Cu-S compositional field include 6 related structures close to the Cu2S end-

member, described by a much more complex elementary cell (e.g. Cu2S 

chalcocite has 144 atoms in the unit cell).  From a structural standpoint, the 

interpretation of diffraction data resulted more challenging than CdS especially 

when considering the possible epitaxial relationship with Ag(111). 

- Cu and Zn have lower atomic scattering factors than CdS, hence a lower signal 

to noise ratio. This constituted a challenging problem from a technological 

standpoint. 

- The smoothest of the films hereby discussed has an operando roughness higher 

than CdS, impairing a successful characterization through XRR, to reckoned the 

thickness. This rise a quest for a methodological approach to interpret the XRR 

data. 

In the usual framework behind the E-ALD process, Cu2S stoichiometry is not expected. 

In fact, the layer-by-layer growth, when at regime, should grow a CuS compounds 

i i ki g  the Ag(111) as happens for most of the binary discussed in chapter 2. On 

the basis of crystal chemistry considerations, we showed that this is not the case and 

the Cu:S ratio is 2:1, starting from the 4th cycle. Moreover, the growth process is epitaxial 

although more complex that what has been proposed before. Since a constant amount 

of defects is included during the growing process, at the end of the growth the structure 

undergoes a structural rearrangement, which likely drives the formation of the small 

worm-like structure found by SEM investigation.  

Similarly to Cu2S ex-situ, but more evidently, the morphology of the CuxZnyS, is 

characterized by a thread-like arrangement of worm-like structures of Cu2S overgrowing 

a flat and epitaxial surface. The growth of the CuxZnyS film is characterized by an epitaxial 

phase and a polycrystalline phase. The presence of zinc sulphide phases have been 
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o fi ed  e o di g a el  dete ta le u tzite s B agg peaks a d Debye rings. 

However, these signals cannot explain completely the whole amount of Zinc found by 

SEM investigation, revealing a probable metastable inclusion of Zn in Cu2S structure. 

Such inclusion should be referred as a defect, due to the immiscibility of copper and zinc 

sulphides 120. Hence, this can explain the greater accumulation of stress of the Cu2S 

phase in CuxZnyS sample with respect to the Cu2S sample. At this point, it is clear the role 

of the lattice strain due to inclusion of defects in the determination of the features of 

the final structure and morphology of CuxZnyS. Regarding the zinc deficiency, the E-ALD 

growth of CuxZnyS is not the only E-ALD process suffering of the deficiency of the less 

noble metal. In fact, a zinc deficiency in CdxZn1-xS, and a Sn deficiency in CuxSnyS have 

been reported in the past years, even if the Cd-Zn and Cu-Sn related ternary sulphides 

are well studied in the mineralogical literature. These results have been confirmed by 

chemical speciation models indicating the chemical equilibrium involved in the 

dissolution of the less noble phases (e.g. zinc sulphide phases) and the competitive 

precipitation of the more noble one (e.g. copper sulphide phases). We could say that the 

study of the growth of ternary compounds highlighted the role of the thermodynamic 

stability of the phases in the E-ALD growth.  

The results gathered for the whole set of samples hereby reported suggest an 

unexpectedly complex growth mechanism underlying the E-ALD process in complex 

systems. The growth of these samples, in fact, is driven by the free energy of formation 

of the related compounds imposing stoichiometry and structure through a complex set 

of competitive processes. The surface limited equilibria induce the epitaxiality of the 

process, driving the ordering of the films. Still, other competitive factors 

(microcrystalline stresses and other chemical equilibria) concur to the final features of 

the film. For instance, the release of the stress accumulated is most likely the cause for 

the emerging of the worm-like structure observed ex-situ for the Cu2S and astonishingly 

evident for both the in-situ and ex-situ CuxZnyS films. On the other hand, the multiple 

competitive equilibria forecasted by chemical speciation models suggest that the 

stoichiometry is determined by the precipitation and re-dissolution of the chemical 

species as clearly discussed by paragraph 5.2.6. From a purely thermodynamic 

standpoint, these competitive processes can be described as discussed in Chapter 3. 

Likely, they have different influence on the thin film features according to the different 

stages of the growth. For instance, as discussed in paragraph 5.2, the strain and 

consequently the elastic energy clearly increases with the growth steps, until it becomes 

the predominant factor determining the morphology of the overlayer. On the other 

hand, the interaction with the surface, inducing the excess of the chemical species and 

the related absorption process driving the SLRs, becomes less important when the 
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thickness of the film increases. Finally, the SXRD on the Cu2S revealed also at the first 

stages of the growth, in some cases, the free energy of formation of the semiconducting 

compound to potentially determine the stoichiometry of the sample. In this context, it 

is clarified that the process occurs within the boundaries established by 

thermodynamics, which cannot include solely the surface interactions, but also the 

strain and all the chemical equilibria involving the compounds grown during the process. 

In this context, we answered to the last of the questions raised in paragraph 2.5 with a 

proof of concept. It is possible to apply the E-ALD process to grow devices? We proved 

that it is possible to grow with E-ALD two highly crystalline thin films, one on top of the 

other (Ag(111)/CdS/Cu2S) without mixing the two phases. Electrical characterizations 

are in development, exploiting a dedicated setup to avoid dramatic surface 

modifications due to the interactions of a solid electric collector with the device. Several 

technological challenges have to be addressed to perform an electric characterization of 

such a ultra-thin layer device. Still, since the two thin films are, one n-type and the other 

p-type, we concluded to have grown the first p-n junction by means of E-ALD. The 

structural characterization confirmed that the two layers are highly ordered and 

epitaxial with barely strained crystallites. These last results prove that E-ALD is suitable 

for growing very ordered devices, characterized by an extremely low thickness to area 

factor controlling the thickness and structure of the layers. 

In conclusion, although we confirmed that the E-ALD process cannot be described 

merely by a sequence of surface processes, we also showed that this does not constitute 

necessarily an impairing limit for the growth of nanoelectronic devices. Finally, we 

confirmed that E-ALD is a good candidate to grow, under the limitation of the complex 

thermodynamic description of the process, devices with high structural and chemical 

purity. 
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Appendix 

This appendix presented an extract of the works published during the development of 

my Ph.D., in the following a brief description of their content is summarized. Moreover, 

it is explained their relationship with the title of the thesis and the work developed 

during my Ph.D.: 

 Paragraph A1 reports the first pages of the publications constituting the main 

part of the data discussed in the body of the thesis. Although several data non 

presented in these pubblications are reported in this thesis, such publications 

constitute the main development of this work. 

 Paragraph A2 reports the publications regarding the characterization and 

modeling of both natural and synthetic sulphides. Specifically, the synthesis 

have been carried following a solvothermal pathway at reasonable temperature 

and room pressure. These papers contain several structural, crystal chemistry 

and thermodynamic considerations exploited for the discussion in this thesis. 

Moreover, it was developed the theoretical framework to model the speciation 

in the Cu-M-S system (where M is a generic chemical species). This theoretical 

framework has been exploited to model the E-ALD thermodynamics in 

paragraphs 5.2.5 and 5.2.6. 

 Paragraph A3 reports the comparison between two experimental and one 

density functional method (DFT) to compute the band gap of semiconducting 

polymers as a test-bench for a more general application of these method. 

Comparing the optical and electrochemical method to extrapolate the band gap 

we found discrepancy which can be related to the binding energy of the exciton. 

This consideration is confirmed by the comparison with the DFT calculations. 

 Paragraph A4 reports the publications related to the electrodeposition of metals 

from IL. Mainly concerning the aluminization, we gather information on the 

optimization of the process at the lab-scale and the thermal post treatment of 

some full-scale aluminized parts. Among other characterization techniques, we 

studied the microstructural features of the coatings exploiting the single line 

profile analysis exploited in paragraph 4.2.3. Additionally, it is presented a 

method developed to simulate the electrodeposition process based on the finite 

elements analysis (FEA) as implemented in Comsol©. Through the modeling of 

the transport, electrical and electrochemical process involved in the 

electrodeposition, it is possible to clarify most of the factors determining the 

quality of the coatings. Eventually, it is presented a model of the 

electrodeposition of aluminum from ionic liquids at the industrial scale. 

 Paragraph A5 reports the chemical speciation model of the voltammetric scans 

performed on a Pd-based nanocatalyst in a Fixed Energy X-ray Absorption 

Voltammetry experiment. This approach, as a way for the interpretation of the 
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spectroelectrochemical data, has a wider application than the deactivation of 

Pd electrocatalyst. In fact, the same workflow has been applied to gather the 

data presented in paragraph 5.2.6. 
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A2 Characterization and modelling of technologically interesting sulphides 
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A3 Band gap calculations from first principles method
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A4 Electrodeposition from ionic liquids
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