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Abstract 10 

A simple room-temperature chemical bath deposition technique, inspired by the Felhling 11 

method, was used to deposit nanocrystalline cuprous oxide (Cu2O) thin films. The process 12 

involved a mixture of copper sulfate, sodium potassium tartrate, and sodium hydroxide. A 13 

thermochemical analysis explored how pH and complexing agent concentration affected 14 

Cu(OH)2 solubility and subsequent Cu2O growth using species repartition diagrams. The 15 

study is conducted by fixing the [tartrate]/[Cu] ratio at 10, while varying pH, deposition 16 

time, and temperatures from room temperature to 80 °C. While oxide nucleation and 17 

growth began at pH=9, denser and more uniform films formed at pH=10 and 11, 18 

corresponding to the co-existing domain of copper hydroxo and copper tartrate complexes. 19 

Notably, regardless of pH, temperature, or reducing agent, the Cu2O (111) facets appear to 20 

be selectively stabilized. The introduction of an aldehyde reducing agent such as glucose 21 

had little effect on the growth of Cu2O layers at room temperature but promoted the 22 

formation of Cu0 at 80°C. 23 

 24 

 25 

1. Introduction 26 

Cu2O is an abundant and non-toxic native p-type semiconductor, characterized by a direct 27 

band gap of 2.1 eV[1] and a high absorption coefficient spanning the violet to green solar 28 

spectrum [2, 3]. In addition, it has relatively high charge carrier mobility among p-type 29 

oxides, is easy to deposit as a thin film, and its morphology and nanoparticle size can be 30 

easily controlled. [4, 5]. All these properties make Cu2O suitable not only as an absorber 31 
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converting solar energy into electrical or chemical energy and fuels but also as a catalyst. 32 

As a result, Cu2O has been used in a wide range of applications, including solar cells[6-8], 33 

light emitting diodes, optoelectronic components, optical, gas, and bio sensors[9], 34 

photocatalysts for CO2 reduction[10-13] and water splitting under visible light 35 

irradiation[14-17].  36 

Over the past decade, thin film deposition of Cu2O has been the subject of intense research 37 

because of its applications in the various fields mentioned above. Various deposition 38 

methods[18], including sputtering[19], electrodeposition[16, 20-22], chemical vapor 39 

deposition, and chemical bath deposition (CBD) [23, 24], have been used. While most of 40 

these techniques remain costly to implement due to their reliance on advanced equipment., 41 

the Chemical Bath Deposition Method (CBD) is appealing because it does not require 42 

expensive vacuum systems or other specialized apparatus. CBD, has been widely used for 43 

the formation of chalcogenide [25, 26] or oxide thin films[25, 27, 28]. It is a well-known 44 

technique for depositing thin films through the use of a controlled chemical reaction [29] 45 

[30].  46 

In chemical bath deposition, substrates are immersed in deposition solutions that contain 47 

metal salt, a pH regulator, and a complexing agent. The pH level, the nature of the 48 

complexing agent, the deposition temperature, and the substrate's nature collectively 49 

impact the growth rates, characteristics, and structure of the resulting thin films[29]. For 50 

the deposition of Cu2O using chemical bath deposition, CuSO4 is commonly used as a 51 

metal salt, and NaOH as a pH regulator. Various complexing agents, such as 52 

ethylenediaminetetraacetic acid[31], tartrate[32], citrate[24], ammonia[33], hexadecyl 53 

trimethyl ammonium bromide[34], sodium L-ascorbate[30], and formaldehyde, have been 54 

used in the literature. In chemical deposition synthesis, the complexing agent forms stable 55 

complexes with metal ions within the solution, which hinders the precipitation of Cu(OH)2. 56 

This, in turn, leads to a slower nucleation rate and a more controlled growth of the Cu2O 57 

layers. In alkaline solutions, these complexes coexist with copper hydroxide complexes; 58 

nevertheless, there have been no substantial analytical studies conducted to gain a deeper 59 

understanding of how these various complexes influence the growth and structure of the 60 

deposited layers. In this study, we introduce a simple approach to prepare Cu2O thin films 61 

using very low concentrations of copper precursors (0.01 M) and complexing agents (0.1 62 
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M). This method takes inspiration from Fehling's technique. The Fehling approach is 63 

commonly used in aldehyde analysis. This method is based on the reduction, by glucose, 64 

of Fehling's liquor, a mixture of copper sulfate and sodium potassium tartrate in the 65 

presence of sodium hydroxide. When an aldehyde, such as glucose, is added to the Fehling 66 

reagent at a basic pH, the complex's Cu2+ ions are converted to Cu+ ions, resulting in a red 67 

copper(I) oxide precipitate (Cu2O(s)).  68 

Based on this approach, our study uses sodium potassium tartrate (NaKC4H4O6) as a 69 

complexing agent, which is combined with a basic aqueous copper (II) sulfate solution. 70 

The study is based initially on the development of a thermodynamic model to better 71 

understand the chemistry of the Cu2O synthesis process at room temperature. This model 72 

is based on the interaction between pH and the relative concentration of the complexing 73 

agent to the copper precursor ([tartrate]/[Cu]), examining their effects on the composition 74 

of the complexing compounds in solution, the solubility of Cu(OH)2, and the subsequent 75 

growth of Cu2O via species distribution diagrams. 76 

Once the method has been developed, the influence of pH, deposition time, temperature, 77 

and the incorporation of a reducing agent such as glucose into the solution on the properties 78 

of the thin films is studied and compared with the results of thermodynamic calculations. 79 

 80 

2. Methods 81 

The thin films were deposited on a 2,5x2,5 cm2 glass substrates (2 mm thick) covered by 82 

300 nm molybdenum (Mo) thin films. Glass/Mo substrate is used as it could be a good 83 

substrate both as a metal electrode for future catalytic analysis and as a back contact for 84 

the preparation of thin film solar cells. No treatment of the substrate is done before 85 

deposition. Mo thin films were deposited by radio frequency (RF) (13.56 MHz) sputtering 86 

using Mo target (purity, 99.95%). The pressure was varied by adjusting the argon flow 87 

(purity, 99.9997%) while keeping the RF power at 600 W. The sputtered Mo layer has a 88 

cubic crystal structure with a preferential growth orientation in [110]. 89 

All reagents are of analytical grade and used without further purification. The preparation 90 

processes for Cu2O thin films are shown in Table 1.  91 

 92 
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Metallic salt Complexing agent Reducing agent pH 

CuSO4 

(ThermoFisher 

scientific, 

99,999 %) 

Sodium and potassium 

Tartrate (VWR, 99.0-

102.0%) 

Glucose 

anhydrous, (fisher 

scientific, 

99 %) 

 

pH (adjusted by 

varying the 

NaOH 

concentration) 

0.01 M from 0.01 to 0.5 M from 0.01 to 0.5 M from 7 to 12 

Table 1. Deposition Parameters for Cu2O Synthesis  93 

 94 

Deposition of Cu2O is carried out from a 0.01M of aqueous solution of CuSO4 with the 95 

addition of sodium potassium tartrate NaKC4H4O6 and glucose at basic pH. For the 96 

deposition, the pH of the solution was varied between 8 and 12 using NaOH. The 97 

temperature was adjusted at 25, 50, and 80°C and the deposition time was varied between 98 

30s and 1 hour. 99 

Thin-film structural properties were determined by X-ray diffraction under Bragg Brentano 100 

conditions (XRD) for crystallinity determination and phase detection with a PANalytical 101 

Empyrean equipment using Cu-Kα radiations. (1.5419Ả). The surface morphology of the 102 

samples was investigated by scanning electron microscopy (SEM) using a Leo Supra 35 103 

field emission gun (FEG) with 15 kV voltage. The thickness of the layers have been 104 

measured using Dektak Burker profilomete  105 

 106 

3. Results  107 

3.1. Copper species repartition–pH diagrams 108 

The existence domain of Cu2O corresponds to the stability domain of the Cu+ ion in 109 

solution in the Pourbaix diagram. As a result, the pH of the solution plays an important role 110 

in the formation of a pure Cu2O layer. In a basic medium, Cu2+ copper ions precipitate in 111 

the form of the poorly soluble hydroxide Cu(OH)2 [35]. A complexing agent, such as 112 

sodium or potassium tartrate, can form stable complexes with metal ions in the solution 113 
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and prevent the precipitation of Cu(OH)2 hydroxide. The latter increases Cu(OH)2 114 

solubility and thus stabilizes copper (II) via complexation rather than precipitation.  115 

An important point is to understand the deposition solution chemistry and especially the 116 

copper species involved in the deposition process. This can be done by the study of the 117 

species distribution diagram which can provide a better understanding of the reactions that 118 

are likely to occur in solution, even if this information does not take the kinetics of the 119 

reactions into account. The distribution diagram took into account the pH, total 120 

concentrations of copper ions dissolved in the solution, and all soluble complexes with 121 

tartrate acid and hydroxide that could form in the system.  In an aqueous solution, Cu(II) 122 

soluble species are Cu2+ and hydroxide or tartrate complexes.  The concentration of the 123 

latter is related to Cu2+ concentration by the equilibrium reaction: 124 

 125 

Cu2+ + iL ⇔ CuLi2+ 126 

 127 

𝛽𝑖
𝐿 =

[𝐶𝑢𝐿𝑖
2+

[𝐶𝑢2+][𝐿]𝑖
 128 

 129 

where L represents a ligand, OH− or T2− in the present work, βL
i the stability constant of 130 

the complex CuLi
2+ and i is the coordination number.  131 

From the values of βL
i, it is possible to calculate the ratio between a soluble copper species 132 

and the total copper concentration in solution as a function of pH. Cu(OH)2 solid phase is 133 

also taken into account. This work has been performed for different portions of 134 

[Tartrate]/[Cu] and the results are presented as species repartition–pH diagrams in Figure 135 

1. 136 

The overall reaction of Cu2O formation after the complexation of copper by tartrate anion 137 

(T2− ) can be written as:  138 

2[CuT2]
2- + 2OH- + 2e-  Cu2O + H2O + 4T2-      Eq.1 139 

based on the two following sub-reactions : 140 

2[CuT2]
2- + 4OH-  2Cu(OH)2(s) + 4 T2-      Eq.2 141 

2Cu(OH)2(s) + 2H+ + 2e-  Cu2O(s) + 3H2O       Eq.3 142 
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 143 

In fact, for a metal cation Mm+ complexed by i ligands Lk– , the steps to forming the oxide 144 

MOn/2 can be formulated as the following reactions:  145 

dissociation of water:  nH2On OH-+nH+      Eq.4 146 

displacement of Ligands : nOH-+M(L)i
(n-ik)+ 

M(OH)n(s) + iLk-   Eq.5 147 

deprotonation to form oxide : M(OH)n(s)MOn/2(s) + n/2 H2O   Eq.6 148 

Total reaction : M(L)i
(n-ik)+ n/2 H2O MOn/2(s)+ nH++ iLk-    Eq.7 149 

The reactions that must be considered are complex formation reactions. These reactions 150 

are described as equilibrium reactions. The concentration of soluble species is related to 151 

the concentration of free metal ions (Mm+) based on the equilibrium reactions (8) and (9):  152 

l+m nL+M 
nl-m

nM(L)  Eq. 8 

nl+m

nL-m
nL

n
]][L[M

][M(L)
=β  Eq. 9 

Where Ll represents a ligand, L
nβ  is the stability constant of the complex and n is the 153 

coordination number of Ligand[26, 36, 37].  154 

In the aqueous phase, copper (II) ions can form complex compounds with a variety of 155 

organic and inorganic ligands. In this study, CuSO4 -Tartare (T) solution with NaOH as a 156 

pH-correcting agent is used for the chemical bath deposition of Cu2O.  157 

Copper hydroxo-complexes [Cu(OH)n]
2-n and tartrate complexes [Cu(T)n]2-n can exist 158 

and/or coexist in this system. 159 

We reported in Table 2. the values of all soluble hydroxide, tartrate, and sulfates complexes 160 

at a temperature of 25 °C calculated from the corresponding Gibbs free energy values [38]. 161 

The hydroxide complexes considered are:[Cu(OH)]+, [Cu(OH)2], [Cu(OH)3]
- and 162 

[Cu(OH)4]
2- 163 

and the Cu-tartrate complexes are: CuT, [Cu(T)2]
2- , [Cu(T)3]

4- , [Cu(T)4]
6-  164 

whose stability constants are listed in Table 2. 165 
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Only one solid species is considered: Cu(OH)2 the pKS of which is also reported in Table 166 

1Table 2. The ionic strength is not taken into account here. The acidity constants of H2T, 167 

HT-, H2SO4, and HSO4
- species have been also calculated and are reported in Table 2. 168 

The ratio between a soluble copper species and the total copper concentration in the 169 

solution can be calculated using the values of L
nβ .  170 

 171 

Table 2. Stability constants of complexes, solubility products, and acidity constants at 172 

room temperature for the system Cu-T-H2O  173 

 174 

Dissolved 

species 
Log  Solid 

species 

pKs Acid 

speicies 

PKA 

𝐂𝐮𝐎𝐇+ 6.5 Cu(OH)2 18,90 H2T 3.22 

𝐂𝐮(𝐎𝐇)𝟐 16.2   HT− 4.85  

[𝐂𝐮(𝐎𝐇)𝟑]− 26.6   H2SO4 -1.91  

[𝐂𝐮(𝐎𝐇)𝟒]𝟐− 39.7   HSO4
−  1.98  

      

𝐂𝐮𝐓 3.2     

[𝐂𝐮𝐓𝟐]𝟐− 5.1     

[𝐂𝐮𝐓𝟑]𝟒− 4.8     

[𝐂𝐮𝐓𝟒]𝟔− 6.5     

 175 

Based on these values and a details thermodynamic calculation (See Appendix for other 176 

values), Figure 1 shows the effect of [tartrate]/[Cu] ratios ranging from 0 to 25 on the 177 

distribution of copper soluble species for 0.01M CuSO4 and tartrate concentrations of 0 M 178 

(a), 0.01M (b), 0.1 M (c), and 0.25M (d). For that, we took into account the initial 179 

concentrations of CuSO4, and tartrate that are known.  180 

As observed (Figure 1), in the as-prepared alkaline solution the Cu(II) ions tend to form 181 

complex compounds with tartare, and two types of complexes can exist: copper hydroxo-182 

complexes [Cu(OH)n]
2-n and copper tartrate-complexes [Cu(T)n]

2-n. The dependence of the 183 

[Cu(T)2] concentration on the pH value of the reaction mixture indicates that at lower pH 184 

the solution mainly contains [Cu(T)n]
2-n, whereas at higher pH [Cu(OH)n]

2-n dominates.  185 
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 186 

 187 

Figure 1. Repartition of the copper species as a function of pH for 0.01 M, CuSO4, and  188 

tartrate concentrations of a) 0 M b) 0.01M, [tartrate]/[Cu]=1, and c) 0.1 M, 189 

[tartrate]/[Cu]=5 and d) 0.25 M, [tartrate]/[Cu]=10 at room temperature  190 

In the absence of tartrate (as shown in Figure 1a), the concentration of free copper ions 191 

drops dramatically below pH 6, and copper-hydroxide complexes take over. When tartrate 192 

is added, all copper(II) in solution is present as complex compounds rather than free Cu2+ 193 

cations for pH greater than 3. Furthermore, increasing the tartrate concentration from 0.01 194 

to 0.25 M raises the pH of the existing domain of copper-hydroxide complexes from 6 to 195 

11. When the tartrate concentration rises from 0.01 to 0.25 M (Figure 1 b) c) and d)), the 196 

pH values in the solution containing free copper ions fall from pH=6 to pH=3. 197 

The increase of tartrate amount also impacts directly on the concentration of [CuT], 198 

[Cu(T)2]
2-, [Cu(T)3]

4- and [Cu(T)4]
6- complexes as a function of pH. The proportion of 199 

copper tartrate complexes as a function of tartrate concentration is shown in Figure 2 for 200 

pH values of 7, 9, 10, and 12. 201 



9 
 

 202 

Figure 2. The proportion of copper species as a function of tartrate concentration for pH 203 
of a) 7, b) 9, c) 10, and d) 12. 204 

 205 

It is interesting to note that for pH=9 and 10 both copper hydroxo-complexes and copper 206 

tartrate-complexes co-exist in the solution for [tartrate]/[Cu] between 10 and 20 with a 207 

predominance of copper tartrate-complexes for pH=9 and copper hydroxo-complexes for 208 

pH=10. For lower and higher pH (7 and 12) only copper tartrate-complexes or copper 209 

hydroxo-complexes exist respectively in the solution whatever [tartrate]/[Cu] fraction.  It 210 

should be noted that as the pH rises above 10, more tartrate is needed to complex the copper 211 

and prevent the formation of copper-hydroxy-complexes. For pH 7 to 10 and [tartrate]/[Cu] 212 

concentrations less than 25, the predominant copper-tartrate complexes are [Cu(T)2]
2- and 213 

[Cu(T)4]
6-. However, after pH=10, copper-hydroxy-complexes take over. It is expected that 214 

as the concentration of the complexing agent increases, complexes with a high coordination 215 

number will become the dominant species in solution [39]. This holds for pH levels up to 216 

10 and tartrate concentrations higher than 20. To avoid Cu(OH)2 precipitation at pH>10, 217 

we need more than 25 equivalents of [tartrate]/[Cu].  218 

Based on this theoretical study, we investigated in the following section the effect of pH 219 

and [tartrate]/[Cu] on the nucleation, structure, and morphology of the Cu2O layers. 220 
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 221 

3.2. Impact of the pH on the formation of Cu2O for deposition baths with and 222 

without glucose 223 

CBD deposition must take place in conditions that favor heterogeneous growth on the 224 

substrate over homogeneous precipitation in the solution, which can be achieved by 225 

precisely controlling the degree of supersaturation [27]. As the complexing agent aids in 226 

lowering the concentration of free metal ions and slowing hydrolysis reactions to prevent 227 

rapid bulk precipitation of the desired product, the first step is to select an appropriate 228 

[tartrate]/[Cu] ratio. Based on thermodynamic studies and a quick screening of the variation 229 

of [tartrate]/[Cu] for a CuSO4 concentration of 0.01 M, it was observed that when the ratio 230 

of [tartrate]/[Cu] is less than 1, there is quasi-instantaneous precipitation of Cu(OH)2, as 231 

predicted by thermodynamic diagrams. The best [tartrate]/[Cu] ratio is between 2 and 15. 232 

Based on this screening, the [tartrate]/[Cu] ratio was set to 10 for the following studies. 233 

Thus the reagent concentrations were set at [CuSO4] = 0.01M and [tartrate] = 0.1 M. The 234 

pH of the solution was adjusted by varying the NaOH concentration ranging from 8 to 12 235 

in steps of 0.5. The reactions took place at 25°C for 15 min.  236 

The impact of a reducing agent such as glucose on the growth of these thin films has been 237 

also investigated. For that, the results are compared to the same bath with the addition of 238 

[glucose] = 0.1 M. 239 

 Figure 3 and Figure 4 show a comparison of the morphology and X-ray diffraction patterns 240 

of deposited films with and without glucose additions at pH levels ranging from 8 to 12. 241 

SEM images (Figure 3) show that the deposition density and grain sizes increased from 242 

pH=9 to pH=11.5. At pH 9 very dispersed nuclei form grains are observed with or without 243 

glucose. The deposition becomes dense and homogeneous at pH values of 10 and 11. When 244 

the pH exceeds 11, the grains are well-defined but less covered, and the crystal size 245 

increases. When no glucose is used, the grains take on a more precise cubic shape. The 246 

sharpness of the grains seems to be reduced when glucose is added during the deposition 247 

process while a similar trend in size and substrate covering is observed. These results 248 

clearly show that dense and homogenous films are mainly obtained for pH=10 and 11 249 

which, based on specification diagrams, corresponds to the co-existing domain of both 250 
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copper hydroxo and copper tartrate complexes in the solution. Increasing the alkalinity 251 

during preparation, leading to the presence of mainly Cu-hydroxo-complexes in the 252 

solution, reduce the density of the layers and an increase in particle size with little variation 253 

in morphology. The addition of glucose seems to have mainly primary effects on the visual 254 

morphology of Cu2O with higher grain size for pH between 10 and 11 and less cubic-like 255 

morphologies at higher pH. 256 

To assess the structural evolution of thin films, XRD analyses are also performed. The 257 

XRD structural analysis of depositions (Figure 4) clearly shows the formation of pure Cu2O 258 

from pH=10 for solutions without glucose and from pH=9 for solutions with glucose. Peaks 259 

in the XRD patterns are indexed as the (110), (111), (200), (220), (311), and (222) 260 

reflections, with a preferential orientation along the (111) axis. The high intensity of the 261 

(111) diffraction peak could indicate the octahedral structure of Cu2O where more 111 262 

surfaces are formed. There is no evidence of Cu, CuO, or Cu(OH)2, indicating that thin 263 

films containing pure Cu2O phase can be obtained for solutions with pH greater than 9, 264 

regardless of the presence or absence of glucose. Nonetheless, a doubling of the peaks is 265 

visible at higher pH for films containing glucose. For all deposits, the relative intensity of 266 

the peaks is nearly identical. When the (111) and (200) diffraction peaks become more 267 

similar in intensity, 100 truncated octahedral Cu2O particles can be obtained [40]. Previous 268 

works [41]  demonstrated that [Cu(OH)n]
2-n promotes the growth of Cu2O crystals along 269 

the (111) axis and [Cu(T)n]
2-n promotes the growth of Cu2O crystals along the (100) axis. 270 

This is not the case with our films, where a higher concentration of [Cu(OH)n]
2-n or 271 

[Cu(T)n]
2-n, both leads to stabilization of Cu2O (111) facets whatever the addition or not of 272 

glucose. 273 

It has also been reported that when the (111) plane grows relatively quickly in Cu2O mono 274 

crystal, the shape of the Cu2O crystal tends to be a cube, which could explain our samples' 275 

cubic shape. When (100) plane grows quickly, it usually takes the shape of an octahedron. 276 

  277 
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 278 

  279 

Figure 3: SEM images of Cu2O layers deposited at pH between 9 and 12 without (left) and with 280 
(right) addition of glucose in the deposition bath   281 
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  282 

 283 

Figure 4. X-ray diffraction patterns of the Cu2O layer deposited a) without and b) with 284 
glucose  in the deposition bath at pH between 9 and 12 285 
 286 

3.3. Reaction Time Effects: 287 

To get a complete picture of the formation process, we studied the impact of the deposition 288 

time during the first 5 minutes on the growth of the Cu2O layer at room temperature with 289 

and without glucose. The time-dependent study was conducted between 30 seconds and 5 290 

minutes of deposition at room temperature. The reagent concentrations were set to [CuSO4] 291 

= 0.01M, [tartrate] = 0.1 M, [glucose] = 0.1 M, and pH=10.  292 

Figure 5 depicts the evolution of Cu2O growth as the reaction time is varied. Regardless of 293 

whether the deposition bath contains or does not contain glucose, a seed layer forms on the 294 

substrate during the first five minutes of deposition, ensuring heterogeneous nucleation and 295 

growth during CBD of Cu2O. 296 

 297 

Figure 5. SEM images of Cu2O layers deposited at pH 10 without (a-e) and with (f-j) 298 

addition of glucose at deposition times of (a,f) 30s, (b,g) 2min, (c,h) 4min, (d,i) 15 min and 299 

(e,j) 30 min  300 
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 301 

After 5 minutes of deposition, the XRD analysis reveals that this seed layer has a cubic 302 

structure crystallizing in the space group Pn3̅m with or without glucose (Figure 6).  303 

 304 

Figure 6. X-ray diffraction patterns of Cu2O layer deposited at room temperature between 305 
30 s and 5min30 306 
 307 

Measurement of layer thickness by profilometer reveals that after 5 minutes of deposition, 308 

this seed layer reaches its maximum thickness, which is between 70 and 80 nm with or 309 

without glucose. Because the seed layer is continuous, it is possible to create a dense 310 

seeding array for heterogeneous nucleation. After 15 minutes, the particle size in the layer 311 

continues to increase (Figure 5 d,i). The thickness of the layers corresponds to the grain 312 

size. After 30 min of deposition, the shape of grains seems to become more defined. Indeed, 313 

based on our results, it appears that the growth of Cu2O by CBD begins with germination 314 

(3D growth), then progresses to lateral growth, and finally to the stabilization of the deposit 315 

(2D growth). After one hour of deposition, no increase in the thickness of the layers is 316 

observed. 317 
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 318 

Figure 7. Thin film growth X-ray diffraction patterns as a function of temperature a) 319 

without and b) with glucose addition 320 

3.4. The Influence of Reaction Temperature: 321 

The effect of reaction temperature on the formation of Cu2O layers was also studied at 25, 322 

50, and 80°C for 1h of deposition at pH=10. Whatever the temperature, a pure Cu2O layer 323 

forms. The intensity of the Mo peak decreases for a deposition temperature of 80°C 324 

compared to (111) Cu2O reflection, indicating that the thickness of our layers is increasing. 325 

The preferred orientation of the crystals is (111). (Figure 7).  326 

 327 

328 
  329 
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Figure 8: SEM images of Cu2O deposition at 25°C, 50°C, and 80°C a,b,c) without glucose, d,e,f) 330 

with glucose for 1h 331 

The surface of the layers is similar between 25 and 50°C but different at 80°C, according 332 

to SEM images (Figure 8). It is obvious that crystals formed at 80°C are significantly larger 333 

than those formed at 25 and 50 °C leading to thicknesses of around 400 nm. With the 334 

addition of glucose, we can see a relative homogeneity of the surface at 25 °C. At 50 and 335 

80°C, however, some cubic crystals precipitate on the surface of the layers. At 80 °C, these 336 

cubes are more numerous and slightly larger. XRD analysis of the layers with the addition 337 

of glucose shows the presence of some peaks corresponding to pure Cu at 80 °C (Figure 338 

6b). While the addition of glucose does not seem to have an impact on the composition of 339 

the layers at room temperature, increasing the temperature in the presence of a reducing 340 

agent seems to promote the formation of Cu0. 341 

 342 

The overall reaction for Cu2O in the presence of a reducing agent can be written as:  343 
 344 
2[CuT2]

2- + RCHO+5OH-  Cu2O (s) +H2 (g) + 3H2O + RCOO- + 4T2-  345 

While the overall reaction leading to the formation Cu0 reaction could be written as follows: 346 

[CuT2]
2- + 2RCHO+4OH-  Cu0 (s) +H2 (g) + 2H2O + 2HCOO- + 2T2- 347 

 348 
At high temperatures these two reactions can come in competition, leading to co-349 

precipitation of Cu2O and Cu0. 350 

4. Discussion 351 

The CBD technique is based on the gradual release of metal ions from a supersaturated 352 

solution for direct deposition of thin films. Typically, chelating agents are used to limit the 353 

hydrolysis of metal ions such as Cu and to add stability to a bath that would otherwise 354 

undergo rapid hydrolysis and precipitation. Our experiments revealed that the pH of the 355 

bath has a significant impact on supersaturation. At low pH, copper forms a strong complex 356 

with tartrate. As the pH rises, Cu reacts with OH-, and copper-hydroxide complexes take 357 

over. 358 

Copper-hydroxide complexes control supersaturation, which influences nucleation and 359 

growth rates. The degree of supersaturation is low at high pH, resulting in a low nucleation 360 



17 
 

rate and a relatively high growth rate, which results in a low nucleation site density and a 361 

large crystallite size. The density of nucleation sites increases while crystallite size 362 

decreases as pH decreases, which is consistent with the SEM results. Based on 363 

thermodynamic studies, it seems that well define and covering layers are growing mainly 364 

when copper-hydroxide and copper tartrate complexes co-existence in the solution. The 365 

amount of these complexes and their proportions depend on both the pH of the solution 366 

and the concentration of the tartrate with respect to the concentration of Cu ions 367 

([tartrate]/[Cu]). The pH influences the concentration of Copper-hydroxide and copper 368 

tartrate complexes which in turn influences the nucleation rate, particle size, and 369 

morphology of the resulting Cu2O thin films. This hypothesis has been confirmed 370 

experimentally, by adjusting the pH=10 and [tartrate]/[Cu]=10 leading to the formation of 371 

a homogeneous seed layer during the first few minutes of deposition. The increase in 372 

deposition time and the temperature mainly influence the grain size of copper oxides, 373 

which impacts the thickness of the layer.  While the reducing agent (such as glucose) has 374 

not a real impact neither on the structure, nor on the growth of thin films layer at room 375 

temperature,  at 80 °C, it favors the joint deposition of Cu2O and metallic Cu. Thus the 376 

deposition of pure Cu2O could be done easily at room temperature without the use of a 377 

reduction agent. 378 

5. Conclusion 379 

The growth mechanism of chemical bath deposition of Cu2O thin film at room temperature 380 

has been analyzed based on thermodynamic studies. We showed that it is possible to 381 

deposit dense and homogenous cubic Cu2O layers using a low-concentrated alkaline 382 

solution of copper (II) sulfate and sodium potassium tartrate NaKC4H4O6 as a complexing 383 

agent by an appropriate and simultaneous adjustment of the solution's pH and [tartrate]/[Cu] 384 

concentration. A detailed thermodynamic study focuses on the effects of complexing agent 385 

concentration and pH on the solubility and speciation of copper hydroxo and copper tartrate 386 

complexes. It has been shown that increasing the pH accelerates the formation of Cu-387 

hydroxo complexes, which controls supersaturation and has a direct impact on the 388 

nucleation and growth rates of thin films. Based on these studies we showed that dense and 389 

homogenous layers can only grow if both copper hydroxo and copper tartrate complexes 390 

are present in the solution. 391 
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The effect of pH variation and the addition of a reducing agent such as glucose on the 392 

structural properties and morphology of the films at room temperature revealed that pH has 393 

the greatest impact on crystal growth size and homogeneity, while the impact of the 394 

reducing agent such as glucose is negligible. The hydroxide anions appear to selectively 395 

stabilize the Cu2O (111) facets regardless of pH, temperature, or reducing agent. However 396 

at higher temperatures (80 °C) the addition of glucose can lead to the co-precipitation of 397 

metallic Cu. 398 

This work provides insights on the potential of analytical studies for a better understanding 399 

and optimization of chemical bath deposition of cuprous oxide films at room temperature 400 

which can find its application in various chemical and physical applications such as 401 

catalysts and absorbers for solar cells.  402 

 403 

7. Appendix 404 

 Thermodynamic calculations 405 

To carry out this theoretical study, a number of constants are required, including:  406 

(1)  H+ +  OH− = H2O   pKe = 14 407 

 408 

For hydroxide species [38] 409 

(2) Cu2+ +  OH− = CuOH+  log β1 = 6.5 410 

(3) Cu2+ +  2OH− = Cu(OH)2  log β2 = 16.2 411 

(4) Cu2+ +  3OH− = [Cu(OH)3]− log β3 = 26.6 412 

(5) Cu2+ +  4OH− = [Cu(OH)4]2− log β4 = 39.7 413 

(6) Cu2+ +  2OH− = Cu(OH)2  pKs = 18.90 414 

 415 

For tartrate species  416 

(7) Cu2+ +  T2− = CuT   log β1 = 3.2 417 

(8) Cu2+ +  T2
4− = [CuT2]2−  log β2 = 5.1 418 

(9) Cu2+ +  T3
6− = [CuT3]4−  log β3 = 4.8 419 
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(10) Cu2+ +  T4
8− = [CuT4]6−  log β4 = 6.5 420 

(11) H2T = HT− +  H+   pKa1 = 3.22 421 

(12) HT− = T2− +  H+   pKa2 = 4.85 422 

 423 

For sulfate species  424 

(13) H2SO4 = HSO4
− +  H+  pKa1 = -1.91 425 

(14) HSO4
− = SO4

2− + H+   pKa2 = 1.98 426 

(15) Cu2+ +  SO4
2− = CuSO4  log K = 2.3 427 

 428 

 429 
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Figure captions 540 

Figure 6. Repartition of the copper species as a function of pH for 0.01 M, CuSO4, and  541 

tartrate concentrations of a) 0 M b) 0.01M, [tartrate]/[Cu]=1, and c) 0.1 M, 542 

[tartrate]/[Cu]=5 and d) 0.25M, [tartrate]/[Cu]=10 at room temperature  543 

Figure 7. The proportion of copper species as a function of tartrate concentration for pH 544 

of a) 7, b) 9, c) 10, and d) 12. 545 

Figure 8: SEM images of Cu2O layers deposited at pH between 9 and 12 without (left) and 546 

with (right) addition of glucose in the deposition bath 547 

Figure 9. X-ray diffraction patterns of the Cu2O layer deposited a) without and b) with 548 

glucose  in the deposition bath at pH between 9 and 12 549 

Figure 10. SEM images of Cu2O layers deposited at pH 10 without (a-e) and with (f-j) 550 

addition of glucose at deposition times of (a,f) 30s, (b,g) 2min, (c,h) 4min, (d,i) 15 min and 551 

(e,j) 30 min  552 

Figure 6. X-ray diffraction patterns of Cu2O layer deposited at room temperature between 553 

30 s and 5min30 554 

Figure 7. Thin film growth X-ray diffraction patterns as a function of temperature a) 555 

without and b) with glucose addition 556 

Figure 8: SEM images of Cu2O deposition at 25 °C, 50 °C, and 80 °C a,b,c) without 557 

glucose, d,e,f) with glucose for 1h 558 

 559 


