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Review article 
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A B S T R A C T   

Due to their excellent properties, Zinc oxide nanowires (ZnO NW) have been attractive and 
considered as a promising electron-transporting layer (ETL) in flexible Perovskite Solar Cells 
(FPSCs). Since the first report on ZnO NWs-based FPSCs giving 2.6 % power conversion efficiency 
(in 2013), great improvements have been made, allowing to reach up to~15 % nowadays. 
However, some issues still need to be addressed, especially on flexible substrates, to achieve 
uniform and well-aligned ZnO NWs via low-cost chemical solution techniques. Several parame-
ters, such as the growing method (time, temperature, precursors concentration), addition of seed 
layer (thickness, roughness, annealing temperature) and substrate (rigid or flexible), play a 
crucial role in ZnO NWs properties (i.e., length, diameter, density and aspect ratio). In this re-
view, these parameters allowing to control the properties of ZnO NWs, like the growth tech-
niques, utilization of seed layers and the growing method (time or precursors concentration) have 
been summarized. Then, a particular focus on the ZnO NW’s role in FPSCs as well as the use of 
these results on the development of ZnO NWs-based FPSCs have been highlighted.   

1. Introduction 

Zinc oxide (ZnO) is one of the most versatile semiconducting materials (II-VI binary compound group). The micro and nano-
structures, especially ZnO nanowires (NW), have attracted massive interest and are beneficial for day-to-day life practical applications 
like photovoltaics (PV) [1], piezoelectric nanogenerators (PENG) [2], gas or bio-sensors [3,4], supercapacitors [5], light emitting 
diodes (LED) [6], etc., due to their promising properties, such as broader bandgap (3.37 eV) [7], higher electron mobility (200–300 
cm2/Vs) [8], higher exciton binding energy (60 meV) [9], and excellent conductivity [10]. The electron-transporting layer (ETL) is one 
of the key elements in Perovskite Solar Cells (PSCs). Usually, the ETL is sandwiched between the light-harvesting absorber and the top 
electrode (such as FTO & ITO) to extract the electrons efficiently and block holes. Recently, ZnO NWs have been highlighted as a 
potential alternative ETL in PSCs replacing conventional TiO2 for the following reasons: (1) higher electron mobility [11], (2) easy 
processability from solution at low temperature, (3) vertically aligned NWs deliver a suitable direction for charge transfer (i.e., e− ) due 
to absence of grain boundaries, (4) better control of the NW length, diameter, density which can facilitate the absorber layer deposition 
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over the ETL. Apart from conventional TiO2 and at the same time compared to widely used SnO2, the ZnO ETL offers excellent electron 
mobility, which supports fast electron transport in PSCs. For example, Ruiqin He et al. calculated the e− mobility using the SCLC 
method (i.e., space charge limited current), confirming that the ZnO ETL demonstrate higher electron mobility than SnO2 and 
ZnO–SnO2 ETLs [12]. In addition, ZnO provides better energy level alignment with the transparent electrodes (i.e., ITO and FTO) than 
SnO2 ETL, and it smooths a surface. Due to that, ZnO is also used as an anode modification layer to enhance the efficiency in SnO2 
ETL-based PSCs [13–15]. However, the proton-transfer reaction between the ZnO-ETL/perovskite interface, specifically using volatile 
Methylammonium (MA) mixed perovskite composition, leads to poor device performance and stability [16,17]. In addition, several 
reports confirm that avoiding or having a minimum amount of MA cation in perovskite compositions greatly enhances the stability of 
the ZnO/perovskite interface [18–20]. 

Furthermore, flexible devices have gained tremendous attention because of their interesting properties: in addition to their flex-
ibility, they are light-weight and easily reshapable. Wide applications such as flexible solar cells (house or industrial roofing, solar 
backpack), electronic textiles (wearable solar clothing), portable electric chargers and power sources for electric vehicles stand out 
from rigid substrates-based devices. Nevertheless, more issues come with the choice of substrate. For example, flexible PSCs (FPSCs), 
especially those using TiO2 ETL, usually deposited by solution-processed spray pyrolysis or spin coating techniques in most cases [21, 
22], require high temperature (>450 ◦C) treatment, degrading the substrate. However, amorphous-TiO2 ETL fabricated by DC 
magnetron sputtering at usual room temperature (RT) [23], hydrothermal synthesis of TiO2 nanoparticles (at 180 ◦C) and deposited at 
RT [24], and PE-ALD deposition of TiO2 at 80 ◦C [25,26], are reported so far for FPSCs. Indeed, flexible plastic substrates, such as 
polyethylene terephthalate (simply - PET) or poly (ethylene 2,6-naphthalate) (i.e., PEN), are not stable at high temperatures compared 
to FTO or ITO-based rigid substrates [27]. Moreover, planar (n-i-p or front electrode/ETL/absorber/HTL/back electrode) or inverted 
(p-i-n or front electrode/HTL/absorber/ETL/back electrode) device architectures [28–30] are adopted while fabricating FPSC rather 
than the mesostructures [31]. Because mesoporous device architecture generally consists of mesoporous TiO2, with a large number of 
pores residing in the bottom of the perovskite absorber that facilitates electron extraction. However, preparing mesoporous TiO2, 
especially using the higher sintering process, is limited for flexible device fabrication due to the temperature limit of flexible substrates. 

In the literature, many synthesis techniques are used for ZnO NW growth, such as hydrothermal deposition, vapor-liquid-solid 
process, flame transport approach and pulsed laser ablation [32]. Our group published several papers where the hydrothermal 
deposition method lead to well-aligned ZnO NWs for PSCs [33] and flexible PENGs [2,34,35], using different seed layers. Therefore, 
this review will focus on the limitations of the hydrothermal growth parameters to achieve optimal ZnO NWs for FPSCs and the impact 
of the seed layer on the latter ZnO NWs. It is worth mentioning here that very few reviews have been focused on ZnO NWs for solar cells 

Fig. 1. Schematic of ZnO crystal structures: (a) CRS, (b) cubic ZB, and (c) HW. (d) Various crystal planes of hexagonal würtzite structure and (e) 3D 
view of hexagonal würtzite unit cell. Adapted from Ref. [37]. Copyright 2023 Elsevier. 
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[1,10,36]. To stand out from these published reviews, this one pays attention to flexible substrates-based PSCs compared to rigid 
substrates-based PSCs. 

2. Properties and synthesis of ZnO nanowires 

After a brief reminder of the ZnO nanowires crystalline structure (sec 2.1) and the possible synthesis methods (sec 2.2), the review 
will focus on hydrothermal synthesis of ZnO NWs. In particular, we will present how and why the ZnO NWs morphological properties 
(length, diameter and surface density) are influenced by the seed layer properties (sec 2.3), the growing time (sec 2.4) and finally, the 
chemical precursor concentrations (sec 2.5). 

2.1. Crystalline structure 

Usually, ZnO offers three crystal structures, namely (1) cubic rocksalt, (2) cubic zinc blende, and (3) hexagonal würtzite and 
noticeably each cation (Zn2+) is encircled by four anions (O2− ) atoms at the vertices of a tetrahedron, and vice versa, which is cor-
responding to the covalent sp3 bond (Fig. 1a–c) [37]. Among these structures, hexagonal würtzite (named HW–ZnO) is the most 
thermodynamically favoured and stable structure at normal ambient conditions. Nevertheless, the zinc blende (ZB) structure can be 
stabilized while growing on cubic substrates, and the cubic rocksalt (CRS) structure can be obtained at high pressure (over 9.5 GPa [8, 
38]). 

The HW–ZnO structure is adopting P63mc or C4
6v space group with lattice parameter values of a = 3.249 Å & c = 5.207 Å, is 

composed of two interpenetrating hexagonal-close-packed (hcp) sub-lattices (i.e., hexagonal lattice of Zn2+ & O2− ), respectively [39]. 
The polarity of the surface, created by Zn2+ and O2− atoms along the hexagonal plane (c-axis), is a reason for the ZnO crystal growth 
and the different nanostructures morphologies (nanorods and nanowires). Fig. 1d and e shows, respectively, the existing crystal planes 
and the 3D unit cell view of the HW structure. The HW–ZnO structure has two polar (i,e., [0001] terminated by Zn2+ and [0001]
terminated by O2− , along the c-axis) and two nonpolar surfaces (i,e., [1120] and [1010] having an equal number of both atoms along the 
a-axis). Usually, the polar surfaces are also responsible for the piezoelectricity, defect generation and plasticity [37,40]. 

2.2. Growth techniques and seed layers for ZnO NW growth 

The ZnO nanostructures employed in various fields and their applications need different requirements. For example, solar cells 
require smooth and well-aligned ZnO NWs with an appropriate NW length and void fraction, offering an efficient electron transfer 
between the absorber and the top electrode [33]. For the ZnO NW synthesis, various physical and chemical methods have been 
considered, such as hydrothermal growth (HTG) and/or chemical bath deposition (CBD) [33,34,41–43], vapor-liquid-solid process 
[44], flame transport approach [45], pulsed laser deposition [46], molecular beam epitaxy [47], electrospinning [48]. For further 
details on ZnO NW growth techniques, one should refer to published reviews [7,32,36,43,49]. However, most synthesis methods are 
restricted by utilization of high temperatures, which cannot be suitable for flexible substrates. In that consideration, the HTG process 
gives several benefits, for example, low material cost, easy & simple processing, environmentally friendly, and most importantly, 

Fig. 2. Schematic representation of HTG process to grow high-quality ZnO NWs. Adapted from Ref. [34]. (a) A - Rustless steel autoclave, B - Heating 
ring, and C - Temperature controller. (b) Arrangement of samples inside the autoclave and (c) Temperature profile set. 
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low-temperature (less than 100 ◦C) process. Our team is consistently working on ZnO NW growth and has published several papers 
regarding ZnO NW growth for FETs (field-effect transistors), nanogenerators and Solar Cells using rigid and flexible substrates [2,34, 
35,50–53]. The ZnO NW HTG growth set-up used in our group is shown in Fig. 2a–c, and the whole ZnO NW synthesis technique is 
thoroughly explained in our previous publication [34]. 

2.3. Influence of the seed layer on ZnO NW properties 

The seed layer (for example, ZnO/Aluminum-doped zinc oxide (AZO)) is usually required to achieve a high-quality, well-aligned 
ZnO NW growth. The lattice mismatch is consequently reduced between the substrates and the ZnO NWs, which improves the length, 
the alignment as well as the homogeneity of the NWs [54,55]. In PSCs, the seed layer on flexible (PET/ITO) or rigid (FTO, ITO) 
substrate behaves as a hole (i.e., h+) blocking layer that minimizes the recombination issues and thus improves efficiency. Moreover, 
the seed layer supplies nucleation centers (i.e., acts as seed spots), which consume Zn nutrients to produce ZnO NWs [56,57]. Pre-
viously published reports clearly explain that the annealing temperature (100 ◦C - 200 ◦C) and thickness of the seed layer directly 
influence the ZnO NWs properties such as the morphology, the growth orientation, the density, the diameter as well as the aspect ratio 
due to the changes in the seed layer surface roughness [34,57]. Moreover, to grow uniform ZnO NWs, the appropriate seed layer 
thickness and surface roughness are crucial. In general, several factors impact the film roughness, such as fabrication methods (i.e., 
spin-coating, RF sputtering, etc) and other conditions, such as annealing temperature, ultraviolet ozone (UVO) treatment, etc. For 
example, Matthew Kam et al. results demonstrate that the sputtered SnO2 ETL film shows a lower surface roughness than spin-coated 
SnO2 ETL film [58]. Andrzej Sławek et al. studies confirm that the precursor concentrations with different spin-coating speeds affect 
the film thickness and the surface roughness [59]. Ji-Sub Park et al. investigations show that the suitable annealing temperature with 
UVO treatment films offers a lower surface roughness than without UVO treatment films [56]. As a result, the fabrication techniques 
and other factors significantly affect the film properties, including surface roughness. 

A summary of the ZnO seed layer surface roughness and the ZnO NWs properties (i.e., length, diameter & density) as a function of 
ZnO seed layer thickness, is shown in Fig. 3a–d. It is clear from Fig. 3a and b that the surface roughness and NW densities increased 
while NW length and diameters reduced with respect to the seed layer thickness. Also, it shows that a thicker seed layer offers higher 
surface roughness and reduces NW length. Moreover, L-W Ji et al. studies explain that a thinner seed layer with poor crystal char-
acteristics produces poorly aligned NWs; meanwhile, thicker seed layers with good crystalline structure offer vertical well-aligned 

Fig. 3. ZnO seed layer properties (a) Surface roughness and (b) ZnO NWs Length, (c) ZnO NWs Diameter, and (d) ZnO NWs Density as a function of 
ZnO seed layer thickness [34,60,63–67]. 

K. Sekar et al.                                                                                                                                                                                                          



Heliyon 10 (2024) e24706

5

uniform NW growth [60]. Also, Y. K. Abeykoon et al. reports explain that the decrement of the adhesive energy with the enhancing 
residual stress of the seed layer, especially while increasing seed layer thickness, possibly creates the detachment between the seed 
layer and the NWs [61]. Thermal annealing is a common method to influence the seed layer properties before ZnO NWs growth. For 
example, a low annealing temperature (80 ◦C [56]) leads to poor surface roughness, resulting in a lesser ZnO NWs density because of 
the smaller nucleation sites with limited coverage density and insufficient seed layer thickness (38 nm at 80 ◦C [56]). According to the 
published reports [56,57], higher annealing temperatures produced supplementary ZnO active nucleation sites in the seed layer, which 
may possibly enhance the thickness (56 nm at 180 ◦C). In parallel, high annealing temperature increases the seed molecule aggre-
gations, increasing the seed layer’s surface roughness [56,57]. The seed layer deposition settings, for example, deposition time, 
annealing temperature as well as precursor concentrations, effectively impact the ZnO NW properties [34,62]. Therefore, it is evident 
that in order to grow high-quality uniform ZnO NWs, optimizing the seed layer properties (thickness, surface roughness, including 
crystalline orientation and alignment) is essential, which indirectly depends on the chosen substrate. Moreover, the seed layer 
generally defines the adsorption of active nucleation sites. 

2.4. Effect of growing time on ZnO NW properties 

The NW growing time is a key parameter to adjust the morphology of the ZnO NWs: length, diameter, density as well as the distance 
between the NWs. The initiation and stimulation of the ZnO NWs growth require a minimum of 1.15 h (i.e., 75 min). A shorter time do 
not lead to a well-organized, dense and uniform NW array [68]. Fig. 4 summarizes the impact of the growing time on ZnO NWs 
properties: length, diameter as well as density. As we can see, the NW length and diameter are significantly increased with increasing 
growing time. Simultaneously, the NW density is reduced. As an example, H. Zhitao et al. show that a shorter growing time (2 h) leads 
to around 2 μm length NW without proper alignment. But a longer growing time (10 h) enhances the NW length to 25 μm, noticeably, 
with long and uniform NWs [69]. The lateral and the axial growth are concomitant during the early growth stage, which could affect 
the NW alignment more than the later growth stage. The decrease of the NW density can be explained by the faster axial direction NW 
growth compared to the lateral direction growth [69]. In some cases, after a specific growing time (6 h [67]), the NW length, diameter 
and density are saturated due to the unchanged overall Gibbs free energy (i.e., thermodynamic equilibrium state) and the lower NW 
growth rate. Therefore, it is understandable that achieving suitable NW properties depends not solely on the growing time but also on 
the chosen precursors concentration [67,70]. 

2.5. Effect of chemical precursors concentration on ZnO NW properties 

Usually, the variation of the chemical reactant concentration affects the final products. The precursors concentration amount in the 
aqueous solution plays a vital role in the ZnO NW growth. Zinc nitrate hexahydrate, hexamethylenetetramine (HMTA), ammonium 
hydroxide, polyethylenimine branched (PEI), and ammonia are commonly used chemicals for the HTG - ZnO NWs growth [33,49]. 
Scheme 1 lists reactions that occur in the ZnO NW growth process [73,74]: decomposition reaction of HMTA (eq 1), hydroxyl supply 
reaction (eq 2), zinc nitrate reaction (eq 3) supersaturation reaction (eq 4 and 5) and ZnO NW growth reaction (eq 6 and 7) [73,74]. 

HMTA and Zn(NO3)2 are the primary contributors in the production of high-quality ZnO NW, the ammonia (NH3) and OH− mainly 
produced from HMTA (eq 1 and 2, Scheme 1), also play a role. The zinc nitrate hexahydrate yields zinc and nitrate ions and is also 
assumed to increase OH− ion concentration. (eq 3 Scheme 1). The combination of OH− and Zn2+ ions produces the intermediate of 
growth Zn(OH)2. Simultaneously, Zn2+ ions combined with NH4

+ yield to Zn(NH3)4
2+ (eq 4 and 5, Scheme 1). Finally, due to dehy-

dration of the complex in the alkaline medium and the electrostatic attraction of Zn2+ and OH− ionic species, ZnO clusters (NW) grow 
(eq 6 and 7, Scheme 1) [73]. Maintaining the appropriate saturation level in the precursors concentration during the ZnO NW growth is 
essential, which is generally achieved by controlling the OH− concentration in the solution [75]. 

HMTA efficiently controls the ZnO NW growth direction because of its ability to attach the nonpolar facets of the NWs. Addi-
tionally, HMTA avoids attracting Zn2+ ion species, resulting in an only polar face epitaxial growth [75]. Fig. 5a and b presents the 

Fig. 4. ZnO NWs properties: (a) Length, (b) Diameter and Density with respect to the growing time [33,67–72].  
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variation of the ZnO NWs length as well as diameter as a function of Zn – HMTA and PEI precursor’s concentrations. Fig. 5a shows that 
the ZnO NW length and diameter are significantly increased with respect to the chosen Zn and HMTA concentration range. Indeed, 
more nucleation points can be originated when the precursor concentration is increased. On the opposite, less nucleation points are 
generated due to limited chemical reagents at the lower concentration [67]. Then, the NW growth rate increases faster along the c-axis 
compared to the lateral direction, resulting in NWs aspect ratio increment (for example, 5 for 2.5 mM and 36 for 15 mM [70]). After a 
Zn and HMTA concentration of 15 mM, the NW growth rate along the c-axis touches a quasi-saturation point, which means the 
diffusion as well as the reaction rate equalized, reducing the NW aspect ratio (20 for 50 mM, Fig. 4b in Ref. [70]). After this value (15 
mM), the NWs start growing faster in the lateral direction. At one point, the lateral growth also meets a quasi-saturation point (at 50 

Scheme 1. Type of reactions occurs in the ZnO NW growth [73,74].  

Fig. 5. ZnO NWs properties: Length and Diameter as a function of a) Zn-HMTA and b) PEI concentrations [33,67,69–71,77–80].  
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mM), and the NWs growth continues in both directions uniformly [70]. The Zn and HMTA concentration is very high (150 mM), which 
allows the new ZnO NWs to nucleate over the bottom NWs surface [70]. However, space as well as mass transport still reduce further 
crystal growth [67,76]. 

Noticeably, in the initial stage, due to heat, HMTA forms NH3 and formaldehyde (HCHO), and HCHO is not directly involved in the 
NWs growth [33,81,82]. Therefore, adding PEI into the NW growth solution slowly reacts with HCHO, producing imine bonds. The 
reason comes from the fact that PEI consists of three kinds of amine groups, which include the primary (-NH2), secondary (–NH–), and 
tertiary amines. Among these, –NH2 & –NH– groups having the activated H atoms can react with HCHO, forming –N––CH- & –N––CH2 
groups [82]. So, the precursor solution turns yellow [79,82]. In PEI containing NW solution, 6 reaction steps are occurring, as shown in 
Scheme 2 [79,82]. The reactions are as follows: (1) decomposition of HMTA in ammonia and formaldehyde, (2) the chelation between 
PEI and Zn2+ ions, (3) the Mannich reaction, (4) the protonation of amine groups from PEI, (5 & 6), formation of Zn(OH)4

2− or Zn 
(NH3)4(OH)2 followed by dehydration to start NW growth. 

Fig. 5b illustrates the impact of PEI concentration on NWs length as well as diameter. It shows that the NW length and diameters 
increase to an optimum. Then, both NW length and diameters are reduced according to the PEI concentration [69,79]. The addition of 
PEI supports the NW growth alongside the polar c-axis and restricting the sidewall expansion, inducing the vertical alignment. 
Moreover, the PEI molecular weights and the PEI concentration modify the pH of the mixture, which directly influences the super-
saturation level, resulting in different NWs lengths [83]. It is important to mention here that the value of the pH is also essential in the 
ZnO NW growth because the pH of the chosen precursor solution is not completely neutral; generally, the OH− ions always exist in the 
solution. Additionally, the pH of the precursor solution changes due to the addition of alkaline reagents, applied temperature and 
growing time, resulting in differences in morphological behavior [84]. The density of the NWs reduces due to the availability of a lower 
pH value in the precursor’s solution, forming an acidic environment which possibly etches the seed layer, and no ZnO NW growth is 
obtained at a lower pH range (pH < 4.6 [85] and pH = 2.8 [86]) due to the absence of Zn complexes. Therefore, precursor’s con-
centration, temperature and growing time significantly influence the NWs properties, and the NWs length, density, diameter and 
aspect ratio can be controlled based on the requirement or applications. 

3. ZnO NW’s role in flexible perovskite solar cells (FPSCs) 

Recently, flexible substrates-based Perovskite Solar Cells have reached a power conversion efficiency of over 22 % [87]. However, 
the PV performances are still below the rigid substrate-based devices, mostly due to (1) lower transmittance, (2) temperature tolerance 
as well as the thermal conductivity of flexible substrates, meaning the superiority of the perovskite absorber layer due to the annealing 
process, and (3) the difficulty to control the absorbing layer morphology/surface [21,28,29,88]. Nevertheless, using roll-to-roll (R2R) 
printing technology eases the large-scale production of FPSCs, which opens the door for commercialization. Several published papers 
effectively explain the importance of the device architecture and the choice of the perovskite composition/mixture, and the ETL, HTL 
as well as top/bottom electrodes [28–30]. The choice of ETL and HTL materials (generally defines the energy level alignment between 
the layers) and the appropriate device architecture are crucial to improving the FPSC performances. Noticeably, high-performance 
flexible PSCs require high optical transmittance-based flexible substrates. Table 1 indicates the transmittance of common flexible 
substrates. These substrates are coated with TCO (transparent conducting oxides, for example, FTO & ITO) with excellent electrical 
conductivity, which generally determines the amount of photons that will reach the absorber layer as well as the charge transfer. The 
commonly used flexible substrates are PET, PEN, CPI (colorless polyimide), PS (polystyrene), polyimide (PI), PC (polycarbonate), PES 

Scheme 2. Types of reactions occurring with PEI during ZnO NW hydrothermal growth [79,82].  
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(Polyether sulfone), etc. Table 1 summarizes the physical, chemical, and mechanical parameters of some common flexible substrates. 
The thermal sensitivities of polymers restrict the TCO deposition on polymer substrates such as PEN or PET (Table 1). Usually, ITO 

is used as TCO on polymer flexible substrates rather than FTO. Indeed, ITO can be prepared at normal ambient temperature, whereas 
the deposition process for FTO is made at a high temperature (~350 ◦C), which is not suitable for polymer substrates [30]. V. Zardetto 
et al. extensively studied the electrical, optical, solvent resistance and elastic properties using several flexible substrates such as PET, 
PEN, ITO-coated PET and ITO-coated PEN compared with ITO and FTO-coated Glass [27]. These results clearly demonstrate that the 
sheet resistance values (i.e., electrical stability) remain stable (15 Ω/Sq) up to an optimum temperature (for example, 
PET/ITO~150 ◦C and PEN/ITO ~235 ◦C). Higher temperature significantly increases the sheet resistance by almost 20-fold for both 
substrates due to partial melting of ITO-coated PET and PEN. Consequently, high temperature severely affects the sample 

Table 1 
Summarized basic parameters for flexible substrates [27–29,88–98].  

Substrate T (%) Tg (◦C) CTE (ppm/◦C) Modulus (Gpa) Density (g/cm3) WA (%) WVTR (g/cm2/day) 

PET 92 150 15–33 2–4.1 1.39 0.4–0.6 21 
PEN 87 180 20 0.1–0.5 1.36 0.2 6.9 
PES 88 223 214 – 1.37 0.43 73 
PC >89 150 75 2–2.6 1.20–1.22 0.4 60 
PI 49 400 8–20 2.5 1.36–1.43 1.3–3.0 64 
CPI 88 >350 29.2 2.8–4.5 1.23 2.1 93 
FG >90 700 2.5 ppm/◦C – – – – 
Nano-P 90 300 12–28.5 7.4–14 0.64 – – 
chNF-P 92 150 17.5 4.3 1.43 – – 
Mica >90 600 1 ppm/◦C – – – – 

T – Transmittance, Tg – glass-transition temperature, CTE - coefficient of thermal expansion, WA -water absorption, WVTR – water-vapor transmission 
rate, CPI - Colourless PI, FG - Flexible glass, Nano-P - Nano paper, chNF-P - chNF paper. 

Fig. 6. (a) Total transmittance spectra, (b) current density Vs. Voltage plot, (c) IPCE spectra, as well as (d) APCE spectra for both planar and ZnO NR 
devices [100]. 
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physical/shape formation. For example, PET/ITO films at 220 ◦C are completely rolled and almost melted at 250 ◦C (see Fig. 2b in 
Ref. [27]). Furthermore, their outcomes show that the PET substrate (with and without ITO) displays more optical transmittance 
spectra than PEN (with and without ITO). Commercially available PET/ITO substrates are mostly used in the flexible PSCs, especially 
in the lab scale devices. Many publications have shown over~20 % efficiency using PET/ITO substrate [21]. In addition, some review 
papers are dealing with the latest advancement, progress/growth and commercialization issues in the area of flexible PSCs [30,87,88, 
92,99]. Interestingly, according to our knowledge, not a single review paper has been dedicated to the flexible PSCs employing ZnO 
NWs. Therefore, the following discussions will completely focus on the flexible PSCs using ZnO NWs in the perovskite device 
configuration. 

In 2013, M. H. Kumar et al. reported the first FPSCs using ZnO nanorods (NRs)/ZnO seed layer with a PET/ITO substrate (60 Ω/sq), 
showing a PCE of 2.62 %. The efficiency is higher than for the planar flexible device (i.e., 2.18 %, without nanorods) adopting a lesser- 
temperature CBD process to grow the ZnO NRs (growth condition: 90 ◦C, and 90 min growing time) [100]. Fig. 6a–d shows the 
transmittance and PV characteristics (J-V), including the IPCE (incident photon to current efficiency) as well as APCE (absorbed 
photon-to-current conversion efficiency) performance of both planar and ZnO NR-containing flexible devices. 

The results show that the obtained Jsc (i.e., current density) is considerably enhanced from 5.5 mA/cm2 (without ZnO NRs) to 7.5 
mA/cm2 (with ZnO NRs) due to better charge collection and improved heterojunction interface compared to a conventional device. 
Noticeably, the ZnO nanorod-containing device shows a reduced Voc (open-circuit voltage 0.80 V) compared to the standard device (i. 
e., 0.99 V). The authors attributed it to a higher recombination issue that possibly occurred due to the larger interfacial area. 

In 2016, A. Dymshits et al. systematically investigated the factors manipulating the growth of ZnO NWs by adopting a low- 
temperature process to fabricate the FPSCs [71]. They employed ZnAc (i.e., zinc acetate dehydrate) as a seed layer to grow the 
ZnO NW by hydrothermal growth method (growth condition: 90 mM, 90 ◦C, and 90 min growing time) using both rigid (FTO-coated 
Glass) and flexible substrates (ITO-coated PET). Fig. 7a and b shows the J-V, internal quantum efficiency (IQE), and SEM cross-section 
image of ITO-coated PET/ZnAc/ZnO NW/MAPbI3/Spiro-OMeTAD-HTL/Au FPSC, respectively. The results display that the rigid de-
vice offers higher efficiency (i.e., 9.06 %) than the flexible device (i.e., 6.39 %), and the SEM cross-section image of the FPSC device 
shows the penetration of the MAPbI3 through the ZnO NW layer. The FPSC demonstrated good stability performance (using 75 bending 
cycles), noticeably less than 20 % of its initial value dropped after 35 cycles. 

In 2016 [101] and 2019 [102], Zhong Lin Wang’s group published an article focusing on the new approach named 
Piezo-phototronic effect (PPE) to enhance FPSCs performance using ZnO nanowire/microwire (NW/MW) on the flexible substrate. In 
their study, the ZnO seed layer was added by RF sputtering, and the lesser-temperature solution method was employed to grow ZnO 
NWs (growth condition: Zn(NO3)2 and HMTA (60 mmol/l), 85 ◦C and 90 min growing time). Fig. 8a–e shows the SEM top-view image 
ZnO NWs (avg diameter 200 nm), BF-TEM (bright field transmission electron microscopy) including the corresponding SAED (selected 
area electron diffraction) pattern, high-resolution TEM (HRTEM), and SEM cross-section image of ITO-coated PET/ZnO/ZnO 
NW/MAPbI3/Spiro-OMeTAD-HTL/Au FPSC, respectively. The fabricated FPSC (i.e., non-strain device, see Fig. 9a–c) delivers 9.3 % 
efficiency with the solar cell parameters of Jsc = 17.8 mA/cm2, Voc = 0.89 V, and FF = 56 %, which is already higher than previously 
published FPSC reports (see Table 2) [71,100]. Later, they bent the FPSC device upward according to the device structure, and the ZnO 
nanowires experienced tensile strain, specifically in the NW growth direction (see Fig. 9d). On the other side, the ZnO nanowires 
experienced compressive strain while bending the FPSC device on the opposite side (i.e., downward, see Fig. 9g). Generally, the 
introduction of external strain, either tensile or compressive, modifies the ZnO NW/perovskite interface energy level by piezoelectric 
potential (positive or negative [103]). While applying external static tensile strains (i.e., 0.75 %, 1.06 %, 1.31 %, 1.52 %, 1.71 % and 
1.88 %), the PV parameters are highly enhanced, especially the Jsc (see Fig. 10), which improves the PCE from 9.3 % to 12.8 % for 1.88 
% strain value. 

Fig. 9e shows that the tensile strain produced positive piezoelectric potential, reducing the charge transfer barrier height (see 
Fig. 9f) and facilitating the electron passage from the MAPbI3 to ZnO NWs. On the contrary, when applying external static compressive 

Fig. 7. (a) Current density Vs. Voltage and IQE graph (b) SEM cross-section of the FPSCs. Adapted from Ref. [71].  
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strains (i.e., − 0.75 %, − 1.06 %, − 1.31 %, and − 1.52 %), the device performance was reduced from 9.3 % to 7.7 % (for a − 1.52 % strain 
range) due to the current density reduction (see Fig. 10). In this instance, the negative piezoelectric potential induced at the perov-
skite/ZnO NW-ETL interface (see Fig. 9h), increasing charge barrier height (see Fig. 9i), affects the FPSC performance. 

In 2020 F. Bouhjar et al. grew the cobalt–doped zinc oxide NWs (i.e., Co–ZnO NWs) using a hydrothermal process on PET/ITO 
substrate (growth conditions: (i) 150 ◦C, 4 h and (ii) 90 ◦C, 5 h to develop Co–ZnO nanostructures) [104]. The fabricated FPSC with the 
PET/ITO/Co–ZnO NR/MAPbI3/Spiro-OMeTAD/Au device architecture offers an efficiency of 7 % (Voc = 1.04 V, Jsc = 14.3 mA/cm2, 
and FF = 47 %), and the corresponding J-V and IPCE graphs displayed in Fig. 11. The XRD (X-ray diffraction) result shows that the 
primary 002 plane peak (i.e., 2θ = 34.3◦) is highly enhanced for PET/ITO/Co–ZnO NR compared to PET/ITO/ZnO film, which 
significantly indicates the crystallinity improvement. Their SEM image reveals that the diameters of Co–ZnO NRs are larger than 
un-doped ZnO NRs, and also, the Co–ZnO NRs film exhibits enhanced transmittance behavior in the visible region compared to ZnO 
NRs, which brings extra photons to the absorber. 

The photo-current transient response of PET/ITO/Co–ZnO NRs and un-doped PET/ITO/ZnO NRs electrodes shows that the doped 
one displayed a 4-fold higher photo-current density (6 mA/cm2). The Co-doping efficiently eases the charge carrier partition before 
recombination due to donor concentration enhancement compared to the un-doped case. The electrochemical impedance spectroscopy 
(EIS) results reveal that the Co–ZnO NRs sample shows lower series resistance (4.8 kΩ) compared to the pure sample (7.9 kΩ), which 
indicates the improvement in the charge transfer and reduction of the recombinations. 

In 2021, M. Fahim et al. grew ZnO NRs and core-shell ZnO@ZnS NRs on flexible substrates (PET/ITO) using a hydrothermal method 
(growth condition: 90 ◦C and 3 h growing time) [19]. The newly added ZnS interlayer between ZnO NRs/perovskite interface modifies 
the energy level alignment, and it creates a robust Zn–S–Pb coordination bond with absorber (i.e., perovskite), easing the e− transport. 
Usually, the primary terminal surface hydroxyl group (‒OH) on the ZnO surface induces the deprotonation (i.e., protons removal) of 
organic amine in perovskite, triggering the degradation of Perovskite Solar Cells [16,105]. Therefore, adding a ZnS interlayer improves 
the device stability due to the reduction of the –OH group on the ZnO surface. 

The comparison of both surface and cross-sectional FE-SEM (field emission electron microscopy) images of ZnO NRs, as well as 
core-shell ZnO@ZnS NRs, is shown in Fig. 12a–f. It shows that during sulfidation (0.5 h), the ZnO surface is entirely etched, and ZnS 
growth creates an outline shell layer on the ZnO core (i.e., the ZnO surface is completely coated with a fine layer of ZnS, see Fig. 12d–f). 
The SEM and AFM images (Fig. 4c and Fig. S5 in Ref. [19]) demonstrate that the modified film (with ZnS) shows a compact and 

Fig. 8. (a) SEM top-view image of ZnO NWs (inset: the enlarged image), (b) BF-TEM image, (c) SAED pattern of the ZnO nanowires, (d) HRTEM 
image, and (e) SEM cross-section of the FPSCs. Reproduced from Ref. [102]. Copyright 2023 American Chemical Society. 
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pinholes-free layer with a lower roughness (Ra = 9.57 nm) compared to conventional ZnO NRs films (i.e., irregular morphology with a 
higher Ra = 11.1 nm). 

The fabricated core-shell ZnO@ZnS NR FPSC (i.e., non-strained device) shows 12.94 % efficiency with Jsc (21.82 mA/cm2), Voc 
(0.94 V) and FF (63 %), respectively. Meanwhile, the conventional ZnO NR FPSC delivers 11.97 % efficiency (21.40 mA/cm2 (Jsc), 
0.89 V (Voc), and 62 % (FF)). While applying external static tensile strains (1.5 %), the device efficiency is enhanced by up to 14.68 % 
(core-shell ZnO@ZnS NR device) and 13.86 % (conventional ZnO NR device). On the other side, when applying compressive strains (i. 
e., − 2 %), the device performance is reduced from 11.97 % to 9.88 % (conventional ZnO NR device) and from 12.94 to 10.69 % 
(modified device) due to the current density drop. The corresponding current density Vs. Voltage characteristics for conventional ZnO 
NR and ZnS added NR FPSCs with non-strain, tensile strain (1.5 %) and compressive strain (− 2 %), are shown in Fig. 13a and b. IPCE 
graph characteristics for standard and modified (with ZnS) FPSCs and the SEM cross-sectional image of ZnO@ZnS NR FPSC are 

Fig. 9. (a, d, and g) Schematics, (b, e, and h) Piezo-potential distributions, and (c, f, and i) energy-band diagrams explaining the PPE on the FPSCs 
with non-strain, tensile and compressive strain, respectively [101,102]. Adapted from Ref. [102]. Copyright 2023 American Chemical Society. 

Table 2 
Summarized PV parameters for FPSCs using ZnO NWs with the corresponding device architectures.  

No FPSC device architecture Jsc (mA/cm2) Voc (V) FF (%) PCE (%) ref 

1 PET/ITO/ZnO/ZnO NR/MAPbI3/HTL/Au 7.52 0.80 43 2.6 [100] 
2 PET/ITO/ZnAc/ZnO NW/MAPbI3/HTL/Au 14.42 0.68 65 6.4 [71] 
3 PS/Ag/ZnO MW/MAPbI3/HTL/Ag 8.70 0.86 42 0.3 [101] 
4 PET/ITO/ZnO/ZnO NW/MAPbI3/HTL/Au 17.80 0.89 56 9.3 [102] 

With Tensile strain (1.88 %) 23.50 0.95 59 12.8 
With compressive strain (− 1.52 %) 16.10 0.89 56 7.7 

5 PET/ITO/Co:ZnO NR/MAPbI3/HTL/Au 14.30 1.04 47 7.0 [104] 
6 PET/ITO/ZnO/ZnO NR/Cs0.05(FA0.83MA0.17)0.95Pb(I2.6Br0.4)/HTL/Ag 21.40 0.89 58 11.97 [19] 

With Tensile strain (1.5 %) 24.10 0.91 63 13.86 
With compressive strain (− 2 %) 18.30 0.86 61 9.88 
PET/ITO/ZnO/core-shell ZnO@ZnS NRs/Cs0.05(FA0.83MA0.17)0.95Pb(I2.6Br0.4)/HTL/Ag 21.82 0.94 63 12.94 
With Tensile strain (1.5 %) 24.40 0.97 63 14.68 
With compressive strain (− 2 %) 18.50 0.93 62 10.69 

HTL – Spiro-OMeTAD. 
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displayed in Fig. 13c and d. It shows the modified device (with ZnS) IPCE is more than 85 % in the visible region (i.e., permits more 
photons) compared to the conventional ZnO NR device. In the tensile strain case (1.5 %), the junction barrier height at interfaces (i.e., 
ZnS/ZnO as well as ZnS/perovskite) are modified due to piezoelectric potential (PEP) and the piezo polarization (PP) charges produced 
at both interfaces. That smooths the separation of the photoinduced charge carriers, as well as significantly suppresses the re-
combinations, resulting in enhanced performance of both standard and modified (with ZnS) FPSCs. Indeed, the higher charge 
recombination issues occur in the compressive strain case (− 2 %), reducing the device efficiencies. Therefore, using a core-shell 
structure (i.e., ZnO@ZnS NR) provides a promising path towards stable and excellent FPSC performance and will be highly benefi-
cial for everyday applications such as wearable and compact electronic devices. 

And only a few reports discussed the stability issues on ZnO NWs ETL-based FPSCs [19,71,100–102,104]. Importantly, M. Fahim 
et al. bending investigations confirm that the longstanding thermal and stability performance of modified (with ZnS) FPSCs is better 
than conventional ZnO NR FPSCs (Fig. 8 in Ref. [19]), which is mainly due to the minimized defects at ZnO/perovskite interface. 
Moreover, A. Dymshits et al. findings (i.e., 0 to 75 bending cycles with 1.2 cm radius bending, Fig. 5d in Ref. [71]) and J. Sun et al. 
results (i.e., 0 to 2000 bending cycles, Fig. S8 in Ref. [102]) evidently demonstrate that the long periods of bendings, either in the 
upward or downward direction, drastically reduce the FPSCs efficiency. The advancement of PV device efficiency using ZnO NWs on 
flexible substrates is shown in Fig. 14, and the corresponding device architectures and the PV parameters (PCE, Jsc, Voc, and FF) are 
displayed in Table 2. It is worth mentioning here very few papers were available on ZnO NW/NR-based flexible perovskite solar cells. 
These data explain that the FPSCs PV performance with ZnO NW has been significantly enhanced in recent years from 2.6 % to up 
to~15 %. However, the ZnO NWs ETL flexible devices still displayed a lower PCE than other FPSCs. The possible reasons are sum-
marized according to the published reports (1) higher recombinations at the interface (i.e., ZnO NWs/perovskite): and (2) the direct 

Fig. 10. J-V characteristics comparison of the FPSCs with non-strain, tensile strain (1.88 %) and compressive strain (− 1.52 %), respectively [102].  

Fig. 11. Current density Vs. Voltage and IPCE graph characteristics of the FPSCs [104].  
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connection between ZnO NWs-ETL into the HTL or, in simpler terms, penetration of NWs towards the HTL, which is due to higher NWs 
length or lower perovskite layer thickness, respectively [33,71,100–102,104]. It suggests that attaining a high efficiency using ZnO 
NWs, especially on flexible substrate-based PSC devices, is not easy compared to rigid substrate-based devices. Nevertheless, from a 
practical point of view, flexible devices have wider possible applications (i.e., compact electric chargers, microelectronic fabrics, 
enlarged industrial roofing, avionics, robotic insects and energy supplies for uncrewed aircrafts, etc.) and are more suitable than rigid 
devices [21,29,88,106,107]. 

Apart from the FPSCs, other flexible solar cells using ZnO NWs with the corresponding device architectures and PV parameters are 
shown in Table 3. In 2008, H. M. Unalan et al. investigated the flexible organic solar cell (F-OSC) employing ZnO NWs, and the 
fabricated device demonstrated an efficiency of~0.6 % [108]. In 2010, K. H. Lee et al. fabricated the flexible inverted organic SC 
(F-IOSC) using ZnO NRs on PES/ITO substrate, obtaining 0.98 % of PCE [109]. In 2011, S. Chu et al. studied ZnO NW arrays-based 
flexible dye-sensitized SC (F-DSSC) using PET/ITO, and it provides 0.44 % of efficiency, respectively [110]. In 2014, D. Y. Kim 
et al. fabricated the F-DSSC employing ZnO NRs, offering 0.69 % of PCE while using 18 h growth time with post-growth annealing 
treatment compared to 9 h growth sample (i.e., with and without post-annealing treatment) [111]. In 2016, Z. Li et al. fabricated the 
F-DSSC with ZnO NWs, and it delivered 1.78 % of PCE [112]. In the same year, M. K. Pathirane et al. examined the optical as well as 
electrical characteristics of hybrid SCs using ZnO NWs on the flexible substrate (PEN), and the corresponding device demonstrated an 
efficiency of 4 % [113]. Also, L. Zu et al. fabricated the ZnO NWs-based n-ZnO/P–SnS core-shell flexible SCs, and it show an efficiency 
of 1.2 % [114]. In 2017, Y. Wang et al. examined both rigid and flexible substrates (i.e., PET/ITO) based colloidal quantum dot SC 
(F-CQDSC) using ZnO NWs, exhibiting the PV performance of 4.35 %, it’s lower than the rigid device efficiency (i.e., 5.35 %) [115]. 
The bending characteristics confirm that the ZnO NWs containing the F-CQDSC device retain 93 % of its initial efficiency (bending 
angle = 160◦) compared to non-NW-based device performance. In 2018, S. Qiao et al. demonstrated the flexible CIGS solar cell with 
ZnO NWs, showing an efficiency of 4.82 %, and it enhances (i.e., 5.97 %) while applying − 0.74 % of compressive strain, respectively 
[116]. Recently (in 2022), S. Pathania et al. studied the flexible polymer nanocomposites (PVK) based SC (F-PVKSC) performance 
adopting ZnO NRs with an ITO-coated PET/ZnO NRs/PVK/PEDOT:PSS/Ag SC configuration [117]. The ZnO NRs-containing device 
offers 2.07 % of PCE than the conventional one (i.e., without ZnO NRs, PCE = 1.38 %, Jsc = 7.47 mA/cm2, Voc = 0.43 V & FF = 43 %). 
Therefore, the combination of ZnO NWs-based FPSCs and other above-mentioned solar cells opens further new perspectives in the field 
of PV application, especially using flexible substrates. 

4. Summary and perspectives 

In this review, we demonstrated that ZnO NWs show a promising advantage for flexible devices. Physical properties and chemical 
preparation, including cost-effective methods, allow increasing the FPSC performance compared to the past few years. To grow ZnO 
NWs using a low-temperature HTG process, parameters mainly precursor’s concentration, growing time, growth temperature as well as 
appropriate seed layer (ZnO or AZO) thickness, annealing temperature, and surface roughness need to be carefully controlled for 
flexible substrates, in order to achieve suitable ZnO NWs properties (such as NW length, NW diameter, NW density and aspect ratio). 

Fig. 12. SEM Surface and cross-sectional image comparison of (a, b) ZnO NRs and (d, e) core-shell ZnO@ZnS NRs. TEM image comparison of (c) 
ZnO NRs and (f) core-shell ZnO@ZnS NRs (inset shows the SAED patterns). Adapted from Ref. [19]. Copyright 2023 Elsevier. 

K. Sekar et al.                                                                                                                                                                                                          



Heliyon 10 (2024) e24706

14

Fig. 13. Current density Vs. Voltage characteristics comparison of both (a) standard (with ZnO NR) and (b) modified (with ZnS) FPSCs with non- 
strain, tensile strain (1.5 %) and compressive strain (− 2 %), respectively. (c) IPCE graph characteristics, and (d) SEM cross-sectional image of core- 
shell FPSC. Adapted from Ref. [19]. Copyright 2023 Elsevier. 

Fig. 14. PCE Vs. Publications of the flexible PSCs using ZnO NWs [71,100–102,104].. (Inset: ZnO NW/NR growing method and available NW/NR 
properties, CBD - Chemical bath deposition, HTG -Hydrothermal growth, VLS - Vapor-liquid-solid process.) 
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After discussing fundamental ZnO NWs properties and deposition methods, including the affecting parameters, we have discussed the 
crucial role of ZnO NWs in FPSCs. From the first device in 2013 (PCE = 2.6 %), FPSCs consisting of ZnO NW-based devices have since 
achieved promising efficiency, up to 15 %. However, the PCE of ZnO NWs-based flexible PSC and other flexible substrate-based such as 
DSCC, OSC, CQDSC, and other nanocomposites devices are still struggling to reach comparable performances with the rigid substrate- 
based ZnO NW devices, mainly due to the restrictions in device fabrication and material selection. Moreover, many papers do not 
provide complete information on the ZnO NWs properties (i.e., NW length, NW diameter, NW densities, as well as aspect ratio) or 
detailed synthesis conditions (for example, the etching method for ZnO NWs-ETL). Therefore, finding a trend, especially on the effect 
of NW properties on flexible PSCs performance, is more challenging. 

After a careful investigation of the published reports (based on Fig. 14), HTG temperature and NWs length, respectively, between 
85 ◦C and 90 ◦C and in the range of 500–1000 nm, is beneficial to achieve high-performance ZnO NWs-based FPSCs. However, some 
additional work is required to understand the trend in a better way: by studying further the impact of ZnO NWs properties on the FPSC 
performance (all other parameters fixed, like seed layer, absorber, HTL and electrodes); by investigating theoretical studies. Also, the 
following points are possibly beneficial for the successful device performance: (1) Optimizing ZnO NWs length smoothes the charge 
transfer from the absorber via optimizing thickness and annealing temperature, as well as the surface roughness of the seed layer. (2) 
Improving the flexible substrate/seed layer and/or seed layer/ZnO NWs interfaces, especially ZnO NWs/perovskite absorber via 
doping or interlayer (for example, Co-doped ZnO NR and core-shell ZnO@ZnS NRs), reducing the recombination and enhancing the 
charge transfer. In addition, it is worth mentioning that the optimization of the void fraction between the NWs will impact the 
perovskite infiltration and the quality of charge transfer. (3) Optimizing the perovskite absorber layer, such as perovskite composition 
(with multiple cation/anion) and layer thickness, including antisolvent treatment, additives, and thermal annealing. Finally, there are 
several challenges to improving the efficiency of flexible ZnO NWs-based PSCs. Therefore, more efforts are still needed to enhance the 
FPSCs performance further. 

Data availability statement 

All the discussed data are included in the manuscript. 

CRediT authorship contribution statement 

Karthick Sekar: Writing – review & editing, Writing – original draft, Investigation, Formal analysis, Conceptualization. Raphaël 
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