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This review focuses on the synthesis and characterization of p-type metal-
oxide (p-type CuO) semiconductor thin films used for chemical-sensing ap-
plications. p-Type CuO thin film exhibit several advantages over n-type 
metal-oxide, including a higher catalytic effect, low humidity dependence, 
and improved recovery speed. However, the sensing performance of CuO 
thin film is strongly related to the intrinsic physicochemical properties of 
the material and their thickness. The latter is heavily dependent on syn-
thesis techniques. Many techniques used for growing p-type CuO thin film 
are reviewed herein. Copper oxide is called a multifunctional material by 
dint of possessing a broad range of the chemical and physical properties, 
which are often highly sensitive to changes in processing parameters, alt-
hough, extensive research and development, the optimization of the pro-
cessing parameters are still in full development until today, where the 
overall research found that the different properties of copper oxide are 
based on the experimental conditions. In this extensive review, we focus 
more on discussing the effect of major synthesis processing parameters 
such as precursor solution, annealing temperature, and thickness of the 
nanomaterial, which various researchers have obtained. These factors are 
critical overviewed, evaluated, and compared. 

Цей огляд зосереджений на синтезі та характеризації тонких напівпро-
відникових плівок на основі металооксиду p-типу (CuO p-типу), що ви-
користовуються для хемічної сенсибілізації. Тонкі плівки CuO p-типу 
мають ряд переваг над металооксидом n-типу, включаючи вищий ката-
літичний ефект, низьку залежність від вологости та поліпшену швид-
кість відновлення. Однак сенсорна продуктивність тонкої плівки CuO 
тісно пов’язана з власними фізико-хемічними властивостями матеріялу 
та його товщиною. Остання сильно залежить від методів синтези. Тут 
розглянуто багато методів, що використовуються для вирощування 
тонкої плівки CuO p-типу. Оксид Купруму називають багатофункціона-
льним матеріялом завдяки широкому спектру хемічних і фізичних 
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властивостей, які часто дуже чутливі до змін параметрів оброблення, 
хоча завдяки широким дослідженням і розробкам оптимізація параме-
трів оброблення все ще перебуває в повному розвитку дотепер. Загальні 
дослідження показали, що різні властивості оксиду Купруму залежать 
від експериментальних умов. Ó цьому розширеному огляді ми більше 
зосереджуємося на обговоренні впливу основних параметрів синтези, 
таких як розчин-провісник, температура відпалу та товщина наномате-
ріялу, які вже одержали різні дослідники. Ці чинники критично розг-
лянуто, оцінено та порівняно. 

Key words: semiconductor copper oxide, synthesis methods, p-CuO thin 
films, precursor solution, annealing temperature. 

Ключові слова: напівпровідниковий оксид Купруму, методи синтези, 
тонкі плівки p-CuO, розчин-провісник, температура відпалу. 
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1. INTRODUCTION 

In the technology industry, semiconductors are critical tools for na-
noscale electrical transportation due to their physical and chemical 
properties. It is seen as a promising material due to its appropriate 

band gap and high absorption coefficient in the visible light region. 

Apart from good optical and electrical properties, the material has 

many advantages such as the availability and abundance of raw mate-
rials, the non-toxic nature and the low cost of production [1]. 
 Among these materials copper oxide, which is a compound with the 

binary copper–oxygen system, contains two stable phases: Cu2O (cu-
prite) and CuO (tenorite). In addition to these stable phases, a metasta-
ble one is also reported: Cu4O3 (paramelaconite) [2]. 
 Different processes can be used to deposit copper oxide in thin films. 

One can note the chemical processes consist in elaborating the material 
by chemical reaction or molecule decomposition such as electrodeposi-
tion [3], chemical vapour deposition [4], SILAR [5], sol–gel [6]. In-
stead, the physical processes consist in developing the film by extract-
ing the material from a target, for instance, sputtering [7], thermal 
oxidation [8], and plasma evaporation [9]. 
 Cupric oxide (CuO) has attracted a lot of interest due to its funda-
mental and technological potential, especially, in several industries 

[10], where it has been employed as a basic material in photocatalytic 

reactions [11, 12], inertness sensors [13], nonenzymatic glucose sen-
sors [14], ammonia sensing [15], antibacterial activity [16], oxide ar-
chitectural pores [17], polymer solar cells [18], antifungal agents [19]; 

and CuO nanoparticles are also used in dry cell batteries as lithium-ion 

batteries [20, 21]. 
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 Developing a good quality material and mastering its structural, op-
tical, and electrical properties are a major challenge. In this respect, 
the quest for the most efficient synthesis process, which yields not on-
ly large quantities but also high-quality and advanced material proper-
ties, continue. 
 The aim of this review devoted mainly to the properties of CuO thin 

films is to explain experimental-factors’ consideration required dur-
ing sample handling, and preparation according to the need imposed by 

the type of application; its beginning with the influences of prepara-
tion materials, until finished, form-ready samples, future research di-
rections are also discussed. 

2. INFLUENCE OF DEPOSITION PARAMETERS ON THIN FILM 

PROPERTIES 

It will be illustrated the fundamentals of the synthesis of copper oxide 

with a particular focus on its influencing factors. Physical properties 

will be described depending on the method adopted in the preparation, 

and will be discussed stressing the consideration of the factors re-
quired during sample handling, preparation, and analysis. 

2.1. Influence of Precursor Solution 

The precursor solution is the first important process variable. Solvent, 

type of salt, concentration of salt, and additives influencing the physi-
cal and chemical properties of deposited film can be tailored by chang-
ing the composition of the precursor solution. 
 Figure 1 shows schematic diagram of the synthesis of CuO 

nanostructures. 

2.1.1. Salt and Alkali-Metal Solution 

In principle, any kind of soluble copper salt could be used as a precur-
sor to prepare CuO nanostructures without much difference, or, at 

least, there seems to be less report on the effect of copper-salt precur-
sor. Different copper salts such as chloride, nitrate, sulphate, and ace-
tate were used to prepare CuO nanomaterials [22]. However, the influ-
ence of different copper salts was not discussed in detail. However, in-
organic salts such as nitrates are often used, as precursors for sol–gel 
CuO-based materials, even though their main drawback is related to 

the inclusion or difficult removal of anionic species in the final prod-
uct. Using copper acetate as a precursor, the acetate groups, as con-
taminants of the gel, decompose under annealing producing combus-
tion volatile by-products [23]. Authors mentioned that the use of cop-
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per perchlorate instead of copper acetate yields a turbid suspension, 
i.e., coagulation of the particles takes place [24]. This is also obtained, 

when using copper sulphate as a precursor [25]. The equations of the 

chemical paths of CuO deposition based on the various precursors in 

distilled water are as follow: 

 Cu(NO3)2H2OCuO2HNO3, (1) 

 CuCl2H2OCuO2HCl, (2) 

 (CH3COO)2H2OCuO2CH3COO. (3) 

 In order to that, particle size and uniformity of copper nanoparticles 

prepared from copper acetate seem better than those from inorganic 

copper salt do. A reasonable explanation is that carboxylate groups are 

still adsorbed on the surface of the copper-oxide nanoparticles and play 

the role of a surfactant and suppress nanoparticles from growth and 

aggregating process [26]. 

2.1.2. Solvent 

The term ‘solvent’ refers to a class of liquid organic chemicals of vari-
able lipophilicity and volatility, small molecular size, and lack of 

charge, accordingly, which are frequently used to dissolve, dilute, or 

disperse materials, which are insoluble in water. Solvents are classi-
fied largely according to molecular structure or functional group. 

Classes of solvents include aliphatic hydrocarbons, many of which are 

chlorinated (i.e., halocarbons), aromatic hydrocarbons, alcohols, 

 

Fig. 1. Schematic diagram of the synthesis of CuO nanostructures. 
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ethers, esters/acetates, amides/amines, aldehydes, ketones, complex 

mixtures that defy classification [27]. 
 Indeed, one of the most crucial elements of wet chemical techniques 

is the solvent, where it has a noteworthy influence on the performance 

of the reaction and allows thermodynamic and kinetic control over a 

chemical reaction. It also greatly influences the stability and morphol-
ogy of the synthesized particles; little consideration has been given to 

how the solvent affects alkoxides gels. This part of the review of pub-
lished works on alkoxide sol–gel processing is pertaining to the role of 

the solvent. It is necessary to use a common solvent to being them into 

the solution [28]. 
 Two primary criteria for the solvents used to synthesize CuO 

nanostructures are as follow: 
(i) they dissolve copper and alkali hydroxide compounds; 
(ii) they can be washed away easily or decomposed during the washing 

and drying process without leaving any detrimental impurities or resi-
dues in the final nanoproducts. 
 As seen in the following equation, copper-oxide nanoproducts are, as 

observed in the following Eq. (4), generated [29]: 

 copper saltalkaline hydroxidesalt of alkaline metalCu(OH)2. (4) 

 Alcohols are the most commonly used solvents. However, any family 

of organic liquids capable of hydrogen bonding with water can be em-
ployed, such as amines, amides, or ketones. Water was also used less in 

some reports, but without additives, which lower the surface tension 

and, thus, the appearance of defects. Researchers tend to use organic 

solvents. The majority of research on sol–gel processing has used 

methanol or ethanol as the solvent [30]. 
 The synthesis process should pay close attention to a number of sec-
ondary parameters, including viscosity, surface tension, volatility, 
reactivity, toxicity, and cost. 
 Firstly, the use of these solvents imposes compliance with safety 

standards regarding their toxicity. The main determinants of a sol-
vents’ inherent toxicity are as follow: 
(i) dimensional morphology: courser nanoparticles were lesser hazard-
ous to finer ones; 
(ii) facet charge: nanoparticles’ toxicity is amplified by positive 

charge; this affirmative load uplifts the reactions amidst nanoparti-
cles and cells; 
(iii) dissolution: the CuO-nanoparticles’ shattering is dependent on pH 

and temperature of the mixture and that influences their toxicity [31]; 
subtle differences in chemical structure can translate into dramatic 

differences in solvent toxicity [32] (i.e., methanol, ethylene glycol, and 

isopropyl alcohol are referred that ‘toxic alcohols’) [33]; in fact, in 
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most of the reports, CuO nanoparticles were prepared by utilizing wa-
ter as certainly the cheapest safest and most environmentally friendly 

solvent. 
 On the other hand, the hydrolysis and polymerization kinetics are 

impacted by the viscosity of the solvent, which alters the solution. A 

high viscosity will impede the reaction and lengthen the gelation peri-
od by reducing the mobility of the catalyst and reactants through the 

solution. 
 Increasing the viscosity ratio causes the particles to agglomerate. In 

the case of a highly viscous solvent, the viscosity resists particle move-
ment. As a result, the particles keep their initial distribution [28, 34]. 
 In another part, in the case of a solvent with a low viscosity, the sol-
vent easily moves between the particles, and the surface tension then 

causes the particles to agglomerate. In the midst of the agglomerated 

particles, the solvent is prevented from evaporating consequently; the 

amount of available gel depends on the extent of the agglomeration. 
 Moreover, the surface tension  of the used solution controls the 

droplet shape impact. Both solution surface tension and dissociation 

enthalpy alter the microstructure of the formed film as the surface 

tension  increases, the connectivity of the pores decreases, and the 

structure increases. In the case of large surface tension, the surface 

tension overcomes the viscosity resistance and causes the particles to 

agglomerate. In the midst of agglomerated particles, evaporation 

stops, and, consequently, the remaining amount of gel increases. 
 As mentioned earlier, pure CuO films studied using different sol-
vents affect the morphological properties [35, 36]. The using water as 

solvent larger particles of irregular shape and intricate structures as 

3-dimensional structures were obtained [37–40]. Figure 2 shows the 

morphologies of copper oxides having different morphologies: (a) 
nanostructures, (b) nanowires, (c) nanostructures, (d) nanobelts, (e) 

nanostructures, (f) hollow spheres. 
 Noteworthy, they headed to use the organic solvent as a substitute. 

Among these solvents were the alcohols-synthesized CuO nanoparti-
cles. Using a varied alcohol such as methanol, ethanol, and propanol 
exhibits more homogeneous surface, and decreasing in the grain size 

by using modified solvent was found to be comparable with a previous 

study [42]. 
 In the same context, some research attributed the increase in the 

grain size in the films’ synthesis by the alcohols’ solvent to the in-
crease of hydroxyl groups [43, 44]. 
 Within this framework, the optical and electrical properties are also 

studied, but to lesser extent, most researches linked these changes to 

the type of solvent used. As reported by P. Mallick, the absorbance of 

CuO sample synthesized with propanol solvent shows faster exponential 
decrease indicating more strain generation in this case [45]. The behav-
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iour of absorbance is typical for many semiconductors and can occur for 

a variety of reasons such as internal electric fields within the crystal, 
deformation of lattice due to strain caused by imperfection, and inelas-
tic scattering of charge carriers by phonons [46]. Other study by N. 
Zayyoun focuses on the solvent effects using water, ethanol and propa-
nol. They found that direct gap energy values were increased with de-
creasing particles’ diameter of this solvents, accordingly [47]. There 

has been on other work in this filed by A. Y. Fasasi; using distilled wa-
ter and ethanol, he have found that films produced using alcohol have 

more disordered states, and this manifest itself in the reduced band gap 

compared with that of aqueous samples; the values obtained are of 920 

and 640 meV for CuO films from alcohol and distilled water-based pre-
cursors, respectively. The least attention was paid to the electrical 
properties as reported by A. Y. Fassasi; he has been observed that the 

values of resistivity recorded using ethanol as a solvent 21% are great-
er than the values obtained for the aqueous samples [48]. 

2.1.3. Additives 

The formation of a stable sol is employed to simplify the complete dis-
solution of the precursor-alcoholic medium [51]. They act as base or 

acid and/or chelating agent. Alkali metal hydroxides, alkanolamines, 

alkylamines, carboxylic acids, acetylacetone and polyalcohols are used 

for this purpose [52]. 
 The authors reported that the deposition efficiency and crystallinity 

of the films deposited by adding additives, which act as stabilizers or 

catalyst during the reaction, was improved. 

 

Fig. 2. Shows the morphologies of copper oxides having different morpholo-
gies: (a) nanostructures; (b) nanowires; (c) nanostructures; (d) nanobelts; (e) 
nanostructures; (f) hollow spheres. 
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 D. S. C. Halin et al. have shown the addition of polyethylene glycol 
will increase the viscosity of solution due to chain length effects. Since 

the polyethylene glycol additive can avoid the particle aggregation oc-
curring in the sol–gel solution, the grain size was reducing from 104 

nm to 83 nm. Also, the addition of polyethylene glycol will produce 

crack free films with high optical absorbance [53], whereas, P. Sama-
rasekara et al. demonstrated that ethylene glycol is a better additive 

compared with the polyethylene glycol [54]. 
 Instead, hydroxide and potassium hydroxide are base agent which 

provides hydroxyl ion, which is strongly associated with reactions that 

form nanocrystals [55]. This explained by the increase in OH-ions with 

the pH, accelerating the process of CuOH formation Eq. (5) provoking 

a faster crystallization of Cu2O Eq. (6) [56]: 

 Cu+OH

CuOH, (5) 

 2CuOHCu2OH2O. (6) 

This fast crystallization reduces interstitial defects, allowing to the 

interstitial atoms move to the boundaries, relaxing the crystal and 

consequently reducing its size [57, 58]. 
 Within the search of the authors, at bath pH 9.0, the (100) plane 

are produced and, in higher bath pH11.0, the (111) are produced 

[59–61]. 
 Other common additives are the alkanolamines, i.e., monoethanola-
mine [MEA; (HOCH2CH2) NH2] [62], diethanolamine [DEA; 

(HOCH2CH2)2NH] [54], triethanolamine [TEA; (HOCH2CH2)3 N] [63] 

are the most widely used in the CuO thin film fabrication. Likewise, 

acetic acid (Ac. Ac.; CH3COOH) [64] and lactic acid (Lactic Ac.; 
CH3CHOHCOOH) [65] tartaric acid [66], oxalic acid [66], malic acid 

[66, 67] also added as complexing agent. Sometimes, it is preferable to 

use only a single additive in certain circumstance for better dissolution 

of the mixture. 
 As main results, used alcohols as a solvent implying produce an ex-
cellent characteristic and of nanostructure materials specially, when 

they are used with organic precursor, in addition if they are added to 

the additives they result from it more homogeneous layers, the alka-
nolamines are among the additives most compatibility with the result 

which mentioned earlier. 

2.1.4. Molarity 

Thin films and their properties are related to those of the initial solu-
tion [68, 69]. The used solution controls the crystallinity, film micro-
structure and optical properties. 
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 Many studies investigated what effects molarity had on the struc-
ture, electrical and optical properties and surface morphology of the 

thin films. They concluded that, with the change in molar concentra-
tion the properties including density, porosity and gelation time are all 
significantly impacted consequently, the crystallite size varies, struc-
tural parameters change systematically, the shape of crystallites 

changes, the transmittance decreases [70, 71]. 

2.1.4.1. Structural Properties 

Whatever, the precursor nature or the elaboration method, CuO thin 

films are generally polycrystalline in nature with monoclinic structure 

and XRD peaks corresponding to the (111), (002) this two main peaks 

at the angles 35.5 and 38.7 [74] and in some case, a small peak 

(110), (200) , (202), (113) , (311) , (220) with 232.52, 48.74, 58.30, 

61.56, 66.25, 68.13, respectively [72]. Most studies conducted on the 

impact of focus on synthesis have found that there is a relationship be-
tween the vary concentrations and structural parameters. There are 

observed an increase in peak intensity and a narrowing in width with 

increasing molarity of precursor solution. Furthermore, the strain de-
creased with the increase of molarity, reflecting the decrease of cohe-
sive force in the film–glass interface. Specifically, low concentration 

results in no supersaturation, whereas high concentration results in 

higher supersaturation and aggregation of small size nuclei to form 

large particles and favours the nucleation under heterogeneous system 

[73]. 

2.1.4.2. Optical and Electrical Properties 

Indeed, a maximum transparency in the visible region was showed for 

the lower concentration values, while it is increasing with this last. 
 The absorption edge in the transmittance spectra of the thin films 

shifts towards higher wavelength region by the increasing of molarity. 
 Photoluminescence (PL) spectra are required to investigate the lev-
els and amounts of defects in CuO thin films. 
 In one case, they found the spectrum is composed mainly of a small 
and sharp peak located at 668 nm (1.86 eV) and a red broad one located 

at the 723 nm. The former peak is associated to the band-to-band tran-
sition since its energy is close to the value of the CuO bandgap. Howev-
er, the red peak originates from the defects localized in the forbidden 

band of CuO material such as single ionized oxygen vacancy, the red 

peak intensity was enhanced with increasing the salt concentration 

suggesting that increasing the salt molarity leads to the formation of 

larger concentration of electronic point defects in CuO thin films [73]. 
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Spray pyrolysis [72] 

Cu(NO3)23H2O distilled water substrate temperature: 350C 
the flux was maintained at 2 mlmin
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the nozzle and the substrates was fixed at 20 cm 
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Sol–gel spin-coating method 
[73] 

[(CH3COO)2Cu/H2O] 
2-methoxyethanol [C3H8O2] 

diethanolamine 
[NH(CH2CH2OH)2] a speed of 
4000 rpm for 30 s annealed 

at temperature 
550C for 1 h 

0
.1

 
0
.3

 
0
.5

 

polycrystalline nature with 
monoclinic structure of CuO 

crystallites size increase with 
increasing the molar concen-

tration 

3
.6

8
 e

V
 

2
.5

6
 e

V
 

2
.4

4
 e

V
 

th
ic

k
n
e
s
s
 1

3
2
, 
1
7
5
 a

n
d
 2

5
2
n
m

 
r
e
s
p
e
c
ti

v
e
ly

; 
th

e
 r

e
s
is

ti
v
it

y
 v

a
lu

e
 i
n
c
r
e
a
s
e
s
 

s
li
g
h
tl

y
 f

r
o
m

 8
4
 

 c
m

 t
o
 1

2
4
 

 
c
m

 w
it

h
 t

h
e
 m

o
la

r
 c

o
n
c
e
n
tr

a
-

ti
o
n
 

Spray pyrolysis [77] 

(CuCl2, 2H2O), double 
distilled water; 

substrate temperature: 
400C, carrier gas: com-

pressed air 
rate of spray: 4ml/m; angu-

lar distance: 25cm 
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A jet- nebulizer spray 
pyrolysis [78] 

[Cu(NO3)23H2O] double 
distilled water; 

substrate temperature: 
400C; 
angular 

distance: 5 cm 
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Spray pyrolysis [76] 

(CuCl22H2O), 
inde-ionized water; 

rate of spray: 5 mlmin
1

; 
substrate temperature: 350C; 
annealing temperature: 400C 

for 2 h. 
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Air-pressurized 
spray pyrolysis 

[74] 
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Chemical spray pyrolysis 
(CSP) technique 
by spraying [79] 
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 From the literatures, the increase of grain size resulting reduction 

in grain boundary scattering, which leads to larger electromobility and 

enhanced conductivity. Hence, the films of higher molarity have low 

resistivity. On other hand, carrier concentration increased with in-
creasing molarity of precursor solution [78]. 

3. EFFECT OF ANNEALING TEMPERATURE 

Annealing temperature is an important parameter in the elaboration of 

thin films where the deposition temperature is involved in all men-
tioned processes its effect on membranes properties has been studied 

[81, 82]. Overall results suggest that the formation of CuO nanostruc-
tures with different shape, size and morphology can be achieved using 

different annealing temperatures via these routes. The improvement 

in their crystallinity and purification can be further attained by con-
trolling of the temperatures [83]. 

3.1. Structural Properties 

Temperature affects the structural structure of copper oxide films, 

and this means that its effect is clear on the optical, electrical and 

morphological properties. It was found in many studies that, by in-
creasing the temperature from room temperature to higher degrees, 

the phases of the films change. When the Cu2O thin films are annealed 

molecular vibrations increases and lattice oscillations cause the weak 

bonds resulting the break and switch to CuO crystal structure. Figure 

3 shows the crystal structure of CuO and Cu2O. These structures arise 

as more stable structures because of their strength [84–88]. This 

 

Fig. 3. Crystal structure of CuO and Cu2O. 
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means that higher temperature caused significant oxidation of pure 

copper in air as shown in Eq. (7): 

 4CuO22Cu2O. (7) 

 Continued increase in temperature leads to further oxidation of Cu 

nanoparticles (NPs): 

 2Cu2OO24CuO. (8) 

 The oxidation kinetics depends on many factors such as tempera-
ture, oxygen partial pressure, annealing time, etc. [89]. 
 Observed during formation of a Cu oxide shell (CuxO) followed the 

order Cu2O, and CuO with increasing temperature. We note that the 

formation of pure Cu2O thin films occurs at low temperatures (around 

200C), while the formation of a pure CuO films requires higher tem-
perature ranged from 300 to 500C. However, the formation of Cu4O3 

phase mixed with other CuO compounds are rarely [90]. The films de-
posited at low temperature showed clearly the peaks, which indicate 

Cu2O (cuprite) phase corresponding to (111) plan observed at 

236.4 [91, 92]. That is the last one becomes unstable at partially 

converted to CuO (tenorite) represents the mixed phase of copper, 

which match reflections forms near (111) for CuO and decrease in peak 

(200) for Cu2O [93]. Down to the pure phase of CuO (tenorite) with 

(111) plan positioned at (238,7) and in some cases, (100) , is a 

diffraction peak at 35.4 with a gradual rise in temperature reported 

by Khojier et al. [94]. Figure 4 illustrates XRD patterns of the as-

 

Fig. 4. XRD patterns of copper oxide films: (a) the as-deposited film; (b) the 

film annealed at 200C for 1 h, and the films annealed at 300C for (c) 1; (d) 2; 

and (e) 4 h, respectively. 
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deposited and annealed thin films [95]. 
 However, when the oxidation temperature was higher, the trans-
formations that occur in the membranes from one phase to another do 

not mean the complete disappearance of the other phases, but only a 

decrease in their intensity, where the degree to which these changes 

will occur remains, it depends mainly on the method adopted in the 

synthesis of the membranes, within the search of the authors, higher 

annealing temperatures leads to the lattice constants a, b and c de-
crease [93, 96]. 
 The annealing temperature had an impact on the crystallite size (D); 

several researchers observed that it was increasing [97]. In spite of 

that, some exceptions were noted, where the crystallite size decreased 

[98]. 
 Noteworthiness, Raman spectrometry was used to analyse the phase 

of the material prepared. The copper (II) oxide phase crystallizes in a 

tenorite structure (monoclinic crystal system), which is represented by 

symmetry group C2/c 
6

2hC  n◦15. Its Bravais space cell is composed of 

two-unit formulas; Cu atoms occupy Ci symmetry sites, and O atoms 

are placed in C2 symmetry sites [99, 100]. The metal cation copper 

forms four coplanar bonds with oxygen, which again self-coordinated 

by four copper atoms, forming two sets of chains directed along (110) 

direction [100, 101]. The factor group analysis yields [102]: 

Cu: Г3Au3Bu; O: ГAg2BgAu2Bu. 

This crystal has 12 degrees of freedom with the following irreducible 

representation: 4Au5BuAg2Bg, i.e., 3 acoustic modes (Au2Bu), 3 

Raman activity modes (Ag2Bg), 6 IR-activity modes (3Au3Bu). 
(Three well know peaks of copper oxide (296, 346, 632) cm

1
 are as-

signed to Ag and 2Bg CuO phonon peaks [95].) 
 Cu2O crystallizes in a cuprite structure (cubic crystal system), rep-
resented by symmetry group Pn3m (

4
Oh ) n◦224. Its Bravais space cell is 

composed of two-unit formulas, with Cu atoms occupying D3d sym-
metry sites, while O atoms are placed in Td symmetry sites. This crystal 
has 18 degrees of freedom represented by the following irreducible 

representation [93]: 

Cu2O: A2u 3T1u EuT2u T2g, 

where acoustic modes T1u, Raman active modes T2g, infrared (IR) active 

modes T1u, silent modes A2uEuT2u. 
 B. Balamurugan et al. studied Raman spectra of Cu2O; they reported 

two relatively strong peaks at 570 cm
1

 and 618 cm
1. These correspond 

to the Cu2O phase [103]. 
 Figure 5 shows Raman spectra of CuO nanostructures at different 

annealing temperatures. 
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3.2. Morphological Properties 

Generally, in PVD techniques the film formation is achieved through 

the species condensation on the substrate which resulted that the films 

deposited by these techniques being more homogenous, denser, and 

smoother with good adherence. 
 However, films prepared by CVD techniques are formed through 

chemical reactions coming from the solution. CuO films deposited by 

these techniques are generally uniform and have fewer adherents. 
 The variations in morphology are significantly influenced by the an-
nealing temperature where the change in phases results in a change in 

the crystal size [106], which increases with the increase in the anneal-
ing temperature. 
 On the other hand, a decrease in dislocation density and microstrain 

was reported [94, 107]. This increase leads to grain uniformity [88]. 
Lower surface roughness, and a homogeneous morphological structure 

as reported [108]. 

3.3. Optical and Electrical Properties 

All works noticed that the decrease in the forbidden band gap (Eg) is 

likely due to the increase in crystal size and modification of the grain 

boundary formation during growth. It causes a narrowing of the for-
bidden band gap, or due to a low concentration of traps near the con-
duction band [109]. 
 Gopalakrishnan et al. reported a decrease in the optical band gap en-
ergy from 1.8 to 1.2 eV with increasing substrate temperature from 

250–350C [78]. 

  
a      b 

Fig. 5. Raman spectra of CuO thin films at different annealing temperatures: 

a—[104]; b—[105]. 
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Sol–gel (spin coating) [104] 
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Chemical deposition (immersed) [117] 
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 The dependence of the band gap energy on substrate temperature 

was recorded by different workers. This dependence is attributed to 

the stress in films deposited at low temperatures, which results in 

films band gap broadening [89, 104, 110]. 
 As for Urbach energies (Eu), their values are inversely proportional 
to the band gap energy, and this inverse proportionality is logical be-
cause it expresses the disorder of the crystal lattice. Ravichandran et 

al. have observed a decrease in disorder from 533 to 470 meV for as-
deposited and for CuO thin films annealed at 450C, respectively; thin 

films were deposited by the SILAR method [111]. Mugwanga et al. 
have reported that the values of the disorder are in the range of 60–
192 meV for various oxygen influx rates changing from 5 to 22.5 

(Sccm) during films growth using the reactive dc magnetron sputter-
ing technique [112]. 
 Increasing the crystallite size reduces the effect of the grain bound-
aries that act as traps for free carriers and thus increases the life of the 

carriers, which leads to a decrease in the resistivity, for CuO thin films 

prepared by the thermal oxidation method. L. De Los Santos Valladares 

et al. have reported resistivity equal to 4.210
2

 cm at 150C which 

decreased to 1.810
11

 cm with increasing the annealing temperature 

to 1000C [113], or, in other words, the increase in the conductivity 

may be due to the increase in the free carriers as a result of the pres-
ence of copper atoms in the interstitial positions and the presence of 

oxygen gaps [105]. 
 We conclude that the annealing temperature is indeed the most im-
portant thin film parameter that determines the shape and properties 

of the film. By increasing the temperature to around 300C, the film 

structure can change from a cuprite to a tenorite phase. 
 The properties of deposited films can be varied and thus controlled 

by changing the deposition temperature; it influences the structural, 

optical, and electrical properties of thin films. 

4. EFFECT OF THICKNESS 

The thickness is an important parameter in the elaboration of thin 

films, the thicknesses of films, elaborated by different methods at var-
ious experimental conditions, was measured by different techniques 

such as cross-sectional SEM 2D-image, profilometer, envelope method 

based on transmittance measurement. 

4.1. Structural Properties 

It was found that the thickness affects the properties of the films, 
where for the thickness is less, it was found that the grains are irregu-
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lar and there are many cracks and crystalline gaps, which indicate poor 

homogeneity of the sample, while it is homogeneous and dense with a 

smaller surface roughness with increasing thickness [118]. Also, as the 

thickness of the films increases, the size of the grains increases, and 

the shape of the grains changes from regular hexagonal to triangular 

[119]. 

4.2. Optical Properties 

Approaching the infrared spectral zone, the transmittance is reduced 

with the augmentation of the films thickness. First, this variation may 

be linked to the structural. Second, the reduction of the transmission 

may be associated to the thickness increase CuO thin layers reveal a 

high intrinsic absorption in the visible range and all the transmission 

spectra exhibit a sharp fall of transmittance at the band edge when the 

value of the arriving photon energy is above or equal to the gap of the 

semiconductor [119]. 
 Figure 6 illustrates that the transmittance of the films increases 

with the increase of the thickness [120]; in this context, L. Chabane 

has demonstrated that the optical band gap gradually widens as the 

grain size increases with thickness [121]. 

4.3. Electrical Properties 

The larger grain size results in a lower density of grain boundaries, 

which behave as traps for free carriers and barriers for carrier 

transport in the film. 

 

Fig. 6. The optical transmittance spectra of the obtained films of CuO elabo-
rated with various thicknesses. 
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Thermal evaporation 
technique [124] 
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 Hence, an increase in the grain size can cause a decrease in grain 

boundary scattering, which leads to an increase in the conductivity. 
Thus, the initial decrease in resistivity and this, what is reported by 

S. S. Shariffudin et al. [122] and [79], is due to an increase in both car-
rier density and carrier mobility of the films, which result from the 

increased grain the resistivity can be related to the increase in carrier 

scattering due to a decrease in grain size or to other discontinuities of 

the film size. The influence of crystallite size on activation energy was 

studied extensively [123]. 
 We conclude that thickness has a role on degree of crystal orienta-
tion; it is closely attached to some of the other parameters. So, it in-
creases with molarity [74, 72], number of dips [120] deposition time 

[125, 126], and annealing temperature [127]. Whereas, decrease with 

increase of spin-coating speed and of dip coating drawls speed [122]. 
 Besides preparation factors, physical properties of CuO films can 

also be altered by addition of dopants. Doping, in general, is a powerful 
technique for optimizing the sensing properties of metal oxide semi-
conductors. 
 From the literature, the use of extrinsic elements on CuO has been 

widely. Where, the presence of impurity at the interfaces, vacancy, 
vacancy cluster at the grain and grain boundaries can play an im-
portant role on the materials behaviour. These defects offer a scope to 

tune the useful material properties in order to improve it. It is well 
known that interstitial oxygen Oi and free copper VCu are determined as 

the acceptors in CuO, and that these acceptors can take the place of lat-
tice defects and atomic impurities. 
 In this regard, various elements of large and small radius such as 

lanthanide ions (La3, Ce3, Pr3, Sm3, Nd3, Gd3, Tb3, Dy3) [128–
132], transition metals (Mn2, Cd2, Zn2, Ni2, Fe3,Y3, Cr2, Pd2, Ag+, 
Ti4


) [133–139], post-transition metals ( Al3


, Ga3

 and In) [140–142], 

semimetals (Sn3, Pb3) [143, 144], and alkali metals (Li

, Na


, and K


) 

[145] are incorporated into CuO lattice for different applications as 

ferromagnetic oxide, conductivity improvements or photocatalytic 

properties. In this part, we review the most important studies related 

to the dopant effect on the performance of films and their applications. 
 Theoretically, p-type doping in CuO may be possible by substituting 

any group I elements (Li, Na, and K) as alkali metals acting as surface 

acceptors in Cu sites; group I elements might be better p-type dopants 

elements at shallow acceptor levels. However, experience has shown 

that group I elements tend to occupy interstitial locations, because of 

their small atomic radii, rather than substitution locations; so, they 

act as donors instead of acceptors. 
 By H. Siddiqui et al., high-quality pristine CuO- and Na-doped CuO 

nanostructures were made using a sol–gel method, with doping values 

of 1.0, 3.0, 5.0, and 7.0 mol.% CuO/Na. The XRD analysis reveal the 
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structural alteration from monoclinic to cubic symmetry with increase 

in doping level and also reveal the phase purity up to 3% doping level, 
and beyond this (i.e., for 5 and 7% doping level) the involvement of 

Na2O phase increases with increase in Na concentration in CuO/Na sys-
tem. Morphology of the samples indicates that the Na-doped CuO 

nanostructures exhibit less agglomeration compared to pristine CuO 

nanoparticles. Moreover, from the diffused reflectance spectrum, it is 

inferred that CuO/Na nanoparticles exhibit a microstructural defects 

and ionic impurities, which play an important role in modifying its 

band gap. The observed shift in band gaps 1.49 eV undoped CuO (1.48, 
1.46, 1.51, 1.53) with increasing doping level is attributed to the na-
nosize effect as well as to the Cui and Oi-defects, which gives high con-
ducting behaviour of Na-doped CuO nanoparticles [146]. 
 V. T. Trang et al. concluded that potassium ion (K


) doping has abil-

ity to improved electrochemical performance. The optimized K

-doped 

CuO nanostructure KCu1−O1(0.10) was synthesized using a sol-
vothermal method followed by annealing at 500C for 5 h under air at-
mosphere. The morphology of CuO was slightly changed by the doping 

of K
+-ions in comparison to undoped CuO. X-ray diffraction analysis 

demonstrates that the K
+-ion doping caused no change in the phase 

structure in the doped sample, the CuO nanoparticle size is in the range 

of 25–50 nm, whereas the undoped CuO nanoparticles show a range of 

50–100 nm with large agglomeration. On the other hand, the K

-doped 

CuO nanoparticle electrode exhibited a high specific capacity of 354.6 

mAhg
1 at 0.1 C after 30 cycles, but in spite of this, it also retained 

162.3 mAhg−1 at a high current rate of 3.2 C, which is much higher 

than that of undoped CuO (only 68.9 mAhg
1 at 3.2 C). The present 

study will be beneficial to the development of high-capacity and long-
cycling-life anode materials for the next generation of Li-ion cells 

[147]. 
 C. Y. Chiang et al. were studied Li doped CuO nanoparticles pre-
pared by flame spray pyrolysis and followed by spin coating where syn-
thesized at dopant concentrations of 0.5 at.%, 2 at.%, 3.5 at.% and 5 

at.%, they found that The photocurrent density and photon-to-
hydrogen conversion efficiency increased by a factor of five to ten 

when introducing Li into CuO, and they justified this to the increase in 

the electrical conductivity of the film by almost two orders of magni-
tude, i.e., from 210

6–410
6

 S/cm to 710
5–310

4
 S/cm, and thus, the 

increase in the lifetime of the photogenerated charge carriers. The best 

they got it photocurrent density and photon-to-hydrogen conversion 

efficiency was  1.69 mA/cm2
 and 1.3%, respectively, corresponding to 

the film prepared by 2.0 at % Li–CuO sintered at 450C for 1 h with 

the thickness 1.7 µm at bias voltage of 0.55 V vs. Ag/AgCl in 1M KOH 

and under 1 sun illumination [148]. 
 Another study by F. Z. Chafi et al. has reported that the incorpora-
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tion of metal ions such as Fe3, can contribute to more oxygen defects 

on CuO along with an increase in the charge density of CuO, which sub-
sequently can induce higher performance of the nanostructure. Hence, 

higher conductivity increased from 0.138 to 15.0873 as Fe dopant con-
centration advances, oxygen vacancies also reduce the activation ener-
gy that facilitates the sensor device to respond at low temperatures. 

From the temperature dependent sensing measurements, it is found 

that for all samples, the sensing response increases with temperature 

up to 75C beyond which decreases due to the desorption of oxygen at 

the sensor surface. At room temperature, the sensor response was 

found to have a power law dependent relation [149]. 
 As mentioned in one of the articles they used ion of rare earth as 

doping in copper oxide. Vimala Devil et al. proposed the use of ions La 

it was prepared by solution combustion method and subsequent anneal-
ing at different temperatures, which the presence of La ion in CuO 

showed a peak shift in XRD pattern and a significant and work to re-
duce the crystallite size and induces more number of non-radiative 

transition centres in CuO. Annealed samples led to the growth of ag-
gregated spherical shaped morphology. PALS studies clearly denote 

the presence of vacancies, cluster vacancies and microvoids in CuO and 

La-doped CuO. The presence of defects is revealed from the three life-
time components. The decrease in their values upon annealing showed 

the recovery of Cu vacancy type defect, reduced cluster vacancies and 

microvoids in pure and doped CuO. Incorporation of La ion in CuO lat-
tice increased the lifetimes compared to undoped CuO. Annealed CuO 

sample at 800C, exhibited a shortest lifetime of 137 ps with a signifi-
cant reduced lifetime of 121 ps for La-doped CuO. The increased av and 

S value of La-doped CuO with that of undoped CuO denotes the pres-
ence of more number of defects in doped samples. The photolumines-
cence spectra clearly inferred the increased intensity in defect related 

peaks due to doping and annealing without the shift in the peak posi-
tion. It is mainly due to the lattice mismatch and difference in oxida-
tion state between Cu2

 and La3
 ion in correlation with positron stud-

ies. The defects in La-doped CuO induced more number of quenching 

sites for non-radiative transition. The increase in concentration of de-
fects in La-doped CuO is well supported by the lifetime and Doppler 

broadening measurements. The presence of defects is quantitatively 

and qualitatively explained using positron and PL studies [150]. 
 S. Bhuvaneshwari et al. uniform copper oxide nanoboats undoped 

CuO nanorods, (NRs) and Cr doped (2 at.% and 6 at.%). CuO nanoboats 

(NBs) have synthesized by a low-temperature hydrothermal route for a 

room-temperature NH3 sensing prototype application with an en-
hanced sensitivity. They were observed in PL emission spectra; a 

strong green emission at 566 nm validates the increase in oxygen va-
cancies, which, in turn, boost the sensing response by adsorbing more 
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surface oxygen increase in with the gas concentration. 
 Among the three CuO samples, 6 at.% Cr-doped CuO nanoboats 

showed a 2.5-fold increase in sensor response observed at room tem-
perature and a maximum sensitivity of 180% at 75C for 600 ppm of 

NH3 that is better than NH3 sensitivity, which is attributed to the 

higher specific area at the surface and oxygen vacancies which is not 

evident in undoped CuO nanorods [151]. 
 In this work, has endeavoured to demonstrate that Ag-doped CuO 

has a greater specific surface area of nanoparticles and greater lattice 

deficiency. Moreover, the transparency is reduced with increased sil-
ver content [152]. The transparent Ag-doped CuO may offer potential 
applications in areas of photocatalysis, electronics, and optics. In simi-
lar work by J. Huang et al. is to report the using of Ag to doping the 

electrode of array of CuO nanosheet via the silver mirror reaction. The 

Ag loaded on the CuO nanosheet arrays improved the electrical conduc-
tivity of the electrode and also enhanced the electrical contact among 

the substrate the active materials and the electrolyte, resulting in low-
er polarization with higher electrochemical activity. 
 The specific capacitance of the Ag-doped CuO nanosheet electrode is 

689 Fg
1

 at 1Ag
1

 and 299 Fg
1

 at 10Ag
1, respectively, much higher 

than that of the unmodified CuO nanosheet arrays (418 Fg
1

 at 1 Ag
1

 

and 127 Fg
1

 at 10 Ag
1). The improved capacitance is explained in 

terms of the presence of dispersed Ag particle coated. The results show 

that the thickness of a single nanosheet is up to around 150 nm. 
 Due to considering the low cost, abundance resource and the high 

specific capacitance, the NSA–Ag/CuO electrode has the promise as 

potential electrode materials for pseudo-supercapacitors [153]. 
 Saeid Masudy-Panah et al. The present work provides a possible so-
lution for the growth of doped CuO for photovoltaic application. The 

potential of Ti to serve as a useful dopant in CuO thin film was investi-
gated. It was shown that the Ti content in the deposited films could be 

controlled by tuning the sputtering power during the film deposition. 

They have undoped and four different concentration: 0.049 at.%, 

0.099 at.%, 0.19 at.%, 0.598 at.% Ti. Microstructural analysis re-
vealed that the crystal quality of samples was not significantly influ-
enced when the Ti content was increased up to 0.099 at.%. By tuning 

the Ti doping, it was found that it is possible to improve the conductiv-
ity of the deposited thin films, while retaining the optical properties 

and crystal quality. The p-CuO (Ti)/n-Si heterojunction solar cells fab-
ricated using Ti-doped CuO absorber layer exhibited improved solar 

cell parameters compared with undoped cells [139]. 
 S. N. Vidhya et al. demonstrated that CuO thin films doped by Ga 

have morphological and optical properties and it confirms the suitabil-
ity of these films for photocatalytic and optoelectronic applications for 

that the spray pyrolysis method was used to create the conductive pure 
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and Ga-doped copper oxide thin films. X-ray diffraction studies con-
firm that all the films are in polycrystalline nature for Ga-doped CuO. 
A good surface morphology was revealed by SEM studies for both pure 

and Ga-doped films. The grains are uniformly distributed over the en-
tire scanned surface without any patches for concentrated 2 ml Ga-
doping. The surface is found to be smooth without any undulation. A 

variation in the average transmittance, which is about 60–70% for the 

Ga-doped CuO films and the maximum band gap value of 2.24 eV is ob-
tained for the 2 ml Ga-doped CuO [154]. 
 By A. Yildiz et al., this work is describes hopping conduction in In–
CuO using dip-coating route for manufacture of the layers and they 

used three concentrations 1%, 5%, 10%, the crystallite size was calcu-
lated and given 19, 17, 8 and 10 nm for undoped, 1% In, 5% In and 

10% In doped samples. Furthermore, the band gap is increasing from 

1.24 to 1.46 eV with the increasing doping level. 
 The resistivity of the films was characterized by the Mott VRH mod-
el for 160 KT300 K, while it exhibited a metallic-like behaviour 

for T160 K. The complete set of parameters describing the proper-
ties of the carriers (the hopping distance and the value of the density of 

states at the Fermi level) was determined. The temperature dependent 

resistivity data of the films were well explained by fluctuations in 

these parameter [142]. 
 However, that over-doping could attribute to the reduction of CuO 

efficiency. This is probably due to the excess dopants that act as trap-
ping sites for both electrons and holes and this was hence proved by 

Jing Wu et al., when they proposed the so–gel technique to prepared 

Sn:CuO films with different Sn concentrations (0.5, 1, 1.5, 2) in order 

to study the influence of Sn doping on the structural, optical and elec-
trical properties of Sn:CuO films. The results showed the Hall mobility 

and resistivity reduced: 19, 10.5, 7.58, 6.18, 7.14 cm
2/Vs, 64.8, 54.7, 

47.4, 77.5 (cm), respectively [155]. 
 F. Bayansal et al. presented the first report on the morphological, 

structural and optical properties of Pb-doped CuO nanostructured thin 

films were studied at dopant concentrations of 0.27 ,0.36, 0.37, 0.46, 

0.75 at.% and were synthesized by the successive ionic layer adsorp-
tion and reaction method. The results showed them that the morpholo-
gy of the film surface was changed from plate-like to coral-like 

nanostructures with increasing Pb concentration. The x-ray diffrac-
tion patterns showed the monoclinic crystal structure with preferen-
tial planes of (111) and (111). Furthermore, ultraviolet–visible spectra 

showed that the band gap of the films was illustrated 1.43, 1.80, 1.76, 

1.72, 1.68, 1.65 eV with increasing of the concentration [156]. 
 It can be said that methods like CuO coupling with other dopants will 
improve their performance by producing smaller particles with high 

specific surface area, shifting the band gap energy, suppressing the 
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rate of electron–hole pair recombination, increasing charge separation 

efficiency, and enabling better dispersion in the medium. 

5. CONCLUSIONS 

We took the research on a tour d'horizon of different aspects of copper 

oxide, starting from the fundamentals of synthesis to its properties 

that express the appropriate promising application; we focused on 

some factors along with the routes of synthesizing process for CuO 

nanostructures. what we can say already is that accurate control of 

synthetic strategies is very important since it makes it possible to ob-
tain CuO nanostructures with manageable dimensions and morpholo-
gy. 
 In order to provide greater stability and better performance, future 

research should seek to overcome the disadvantages of CuO and the 

practical problems that still exist. 
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