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Abstract: This research has developed a process for producing ZnO thin film from DEZn deposited onto a PET 

substrate with low-pressure, high-frequency Ar + O2 plasma using a chemical vapor deposition technique. The 

aim is to study the film production conditions that affect electrical properties, optical properties, and thin film 

surfaces. The highlight of this work is the use of plasma energy produced from a mixture of gases between Ar 

+ O2. Plasma production is stimulated with an RF power supply to deliver high chemical energy and push ZnO 

atoms from the cathode inside the reactor onto the substrate through surface chemical reactions. The results 

showed that increasing the RF power in plasma production affected the chemical reactions on the substrate 

surface of film formation. The film preparation at RF power 300 W will give the thickest films. The film has a 

continuous columnar formation, and the surface has a granular structure. This results in the lowest electrical 

resistivity of 1.8 x 10-4 Ω-cm. In addition, when fabricated into a DSSC device, the device tested the PCE value 

and showed the highest value at 5.68%. This is due to the very rough surface nature of the ZnO film, which 

increases the scattering and storage of sunlight, making cells more efficient. Therefore, the benefit of this 

research is that it will be a highly efficient prototype of thin film production technology using a chemical 

process that reduces production costs and can be used in the industrial development of solar cells.   

Keywords: PET films; Zinc powder; Ar + O2 plasma; RF power; LPCVD; DSSCs 

 

1. Introduction 

Solar cell technology is a suitable renewable energy source to complement the increase in the 

world‘s consumption, which has a minimal environmental impact [1]. For many years, there has been 

a growing interest in developing low-cost solar cells using molecular materials and semiconductor 

nanostructures. Silicon solar cells dominate the commercial market, but production processes involve 

high energy and vacuum conditions, leading to high production costs. For these reasons, dye-

sensitized solar cells (DSSCs) and organic solar cells (OSCs) [2-5] show their potential as relatively 

low-cost alternatives to conventional solar cell silicon. The exciting advantage of this type of solar cell 

is the potential for roll-to-roll printing on polymer substrates [6-7]. The absence of liquid electrolytes 

also makes the processing and sealing solar cell devices relatively easier. With the advancement of 

technology, there is a need for lightweight and flexible electronic devices. This is because they can be 

produced on a large scale using room-temperature techniques with significantly reduced costs. 

Therefore, the idea of flexible polymer-based solar cells has attracted great interest among many 
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researchers in the DSSC field. In the solar energy industry, polyethylene terephthalate (PET) film is 

one of the most critical strategic materials due to its excellent mechanical strength, reflectivity, water 

resistance, and mainly mechanical and insulating properties [8-11]. PET is a thin film created from 

polyester stretched biaxially. It can withstand temperatures as low as -70 degrees and over 200 

degrees. PET films must meet various performance criteria, including high transparency, minimal 

turbidity, and high brightness. These factors are essential challenges in the development of this field. 

In solar cells, a metal oxide film such as titanium dioxide (TiO2) [12] or zinc oxide (ZnO) [13-15] is 

often used as an electron transport layer to transfer electrons and block holes beneficially. The metal 

oxide layer can be considered a modification agent to reduce the functionality of the modified anode 

of solar cell devices [16-18]. It is well known that the presence of oxygen vacancies in ZnO can increase 

the charge density of ZnO to form an n-type semiconductor [19-21], which is a good property to make 

ZnO more stable. This includes good transparency and high electron mobility, resulting in good 

electrical conductivity. ZnO is a semiconductor with a wide band gap of approximately 3.37 electron 

volts (eV). Its crystal structure is a hexagonal closed pack (HCP). Inside the structure, oxygen ions 

(O2-) are inserted in the middle position between zinc ions (Zn2+) [22-24]. Thin films can be prepared 

using various methods, among which chemical vapor deposition (CVD) has been widely accepted 

[25-27]. CVD involves the formation of a solid film on a substrate by a chemical reaction in the gas or 

vapor phase. The process uses a variety of gas, liquid, and solid chemicals as the source of 

components used to create thin films. Compared with most thin film preparation methods, CVD has 

several unique advantages, such as adaptability, productivity, versatility, quality, and 

reproducibility. For these reasons, CVD continues to expand and evolve into the most important 

method for producing films for solid-state devices. The main focus during the development of CVD 

films is film preparation techniques. The CVD films are preliminarily prepared using conventional 

methods at atmospheric pressure, such as low-pressure chemical vapor deposition (LPCVD) [28], 

spray pyrolysis chemical vapor deposition (SPCVD) [29], metal-organic chemical vapor deposition 

(MOCVD) [30] and plasma enhanced chemical vapor deposition (PECVD) [31]. More specifically, 

LPCVD deposits a thin film on the substrate heated to high or low temperatures in a reactor under 

reduced pressure. This method has the following advantages: improving film thickness and 

composition uniformity, controlling the deposition rate with only the surface reaction, reducing the 

number of defects, improving suitability, and covering large-scale production processes [32-33]. 

However, many unanswered issues remain related to the fabrication of flexible DSSCs. This study 

reports the technological development of DSSCs on flexible surfaces. It focuses on PET surfaces and 

factors related to film deposition and electrode processing to improve the devices’ mechanical and 

solar cell properties. 

Therefore, a ZnO thin film was fabricated onto a PET substrate using low-pressure, high-

frequency Ar + O2 plasma and a chemical vapor deposition technique to apply to DSSC devices. To 

achieve excellent electrical properties, high transmission, and efficiency of DSSC, the experimental 

conditions were compared by varying the RF power supply to 200, 220, 240, 260, 280, and 300 W. 

2. Materials and Methods 

2.1. Preparation of ZnO/PET Substrates 

The fabrication system of the low-pressure, high-frequency plasma generator is illustrated in 

Figure 1. The plasma generator comprises an Al cathode and a grounded anode of Cu plate. A reactor 

machine of AYUMI INDUSTRY Co., Ltd., Japan, was used a PET substrate with a cooling system 

placed on top of the anode plate. A slit type of hole (11 mm) is made to the cathode hole (105 mm) to 

let Ar + O2 into the gap between the cathode and the anode. The anode plate scrolling with a PET 

substrate up and down in the direction perpendicular to the slit to produce flat films in a large area 

(scrolling distance: 25 mm). Atmospheric low-pressure high-frequency plasma was generated by 

flowing Ar as an insert gas with O2 [34-37]. The reaction of O2 and Ar ions (equation 1) is assumed to 

be the same as for mutual neutralization of oxygen ions [38-39]. 
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Figure 1. Equipment used in the low-pressure high-frequency Ar + O2 plasma using chemical vapor 

deposition technique of ZnO film fabrication on PET substrates. 

O− + Ar+ → O + Ar (1) 

The Ar carrier gas was fed through the inner space of the cathode down to the gap, where it was 

stimulated by the RF plasma generator (AX-3000, AD-TEC, Japan). Diethylzinc (C₂H₅)₂Zn or DEZn 

(Tri Chemical Laboratories Inc., Japan) was vaporized and carried by the Ar + O2 carrier gas flow 

into the plasma generated in the gap. When DEZn comes into contact with air, it burns to form zinc 

oxide (ZnO), carbon dioxide (CO2), and water (H2O). The reaction occurs when DEZn comes into 

contact with oxygen molecules. The balanced chemical equation is as follows. 

Zn(C2H5)2(s)
+ 5O2(g)

→ ZnO(s) + 4CO2(g)
+ 5H2O(g) (2) 

To allow the chemical reaction that forms a thin film on the substrate surface to proceed at an 

acceptable rate. It is necessary to remove product product gasses from the deposition environment. 

A vacuum pump (EBARA DRY PUMP A30W, Ebara cooperation, Japan) was used, which 

corresponds to the reaction flow and chemical properties of the gases. According to the fabrication 

conditions for the film preparation, the parameters is listed in Table 1. 

Table 1. Fabrication conditions of ZnO thin films deposited on PET substrate by low-pressure high-

frequency plasma deposition technique. 

Source and Materials Conditions 

Substrate PET 

Source material 

 
DEZn of Tri Chemical Laboratories Inc. 

Carrier Ar gas flow rate 20 L/min 

O2 gas flow rate 0.5 L/min 

RF plasma generator 200-300 W 

Scrolling distance 25 mm 

Anode and cathode gap 35 mm 
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2.2. Fabrication of DSSCs 

The 1.5 cm x 1.5 cm ITO glass (Lumtec., Taiwan) with a sheet resistance of 9 to 15 Ω/sq applied 

as the photoanode substrate. The ZnO/PET was coated on the ITO glass to form a film using a screen 

printing technique. It was then immersed in a D102 dye solution (95% HPCL, Sigma-Aldrich) at room 

temperature for 12 hours to absorb dye molecules. After that, the films were rinsed with ethanol and 

dried. The DSSCs fabricated in the form sandwiching on ITO-based and ZnO/PET with an electrolyte 

0.2 M PMII, 0.05 M I2, 0.1 M LiI, 0.2 M TBAI, 0.5 M, TBP in AN/VN [40] as well as thick thermal-

plastic Surlyn spacer (SX1170-25, Solaronix) was used. 

2.3. Characterization 

To investigate the ZnO thin film properties, Hall effect measurement (ECOPIA HMA-2000) and 

a four-point probe device (DASOL ENG FPP-HS-8) were used to measure the resistivity, carrier 

concentration, and mobility. A surface profilometer measured the film’s thickness (Dektak 150). A 

UV-VIS spectrophotometer (Hitachi, U-3000) was applied to analyze the optical transmittance spectra 

of ZnO thin films. Furthermore, the morphology of ZnO thin films deposited on the PET substrate 

was examined through the X-ray diffraction (XRD) (Rigaku D/max 2100H) technique. A field 

emission scanning electron microscope (FE-SEM: S-5500, HITACHI) machine was used to observe 

the structural properties of the films with the atomic force microscope (AFM: Prak, X-100). 

3. Results 

3.1. Physics of surface reaction under low-pressure high-frequency Ar + O2 plasma of ZnO film fabrication on 

PET substrate 

In Figure 2, the process of chemical vapor deposition is illustrated. In the first stage, when 

precursor molecules of DEZn + O2 + Ar enter the reactor chamber, Zn+2 and O-2 molecules are 

transported to the surface of a PET substrate through diffusion [41] onto the substrate surface. After 

the reaction for the heterogeneous reaction [42] on the surface, ZnO atoms remain. In contrast, the 

by-product molecules of the reaction on the substrate surface are adsorbed from the substrate to give 

the free gap for more Zn+2 and O-2 molecules to enter. In this research, we drive the reaction by 

increasing energy to the process of the Ar + O2 plasma energy delivered to Zn+2 and O-2 molecules to 

increase the reaction rate to form ZnO precursor to the substrate surface. Under these conditions, the 

growth rate of the thin film depends only on the rate of chemical reactions on the substrate surface 

through plasma energy activation. The growth rate of the ZnO thin film is presented in terms of 

thickness in Figure 3. 
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Figure 2. Reaction systems involving clusters of ZnO film formation under low-pressure high-

frequency plasma stimulation by low-pressure high-frequency Ar + O2 plasma chemical vapor 

deposition on a PET substrate. 

 

Figure 3. Influence of the variation RF power on ZnO film thickness preparing by low-pressure high-

frequency Ar + O2 plasma chemical vapor deposition technique. 

3.2. Influence of RF power to the thickness of ZnO thin films 

Under low-pressure, high-frequency Ar + O2 plasma stimulated by gas phase collisions [43] with 

RF power significantly influences the delivery of ZnO to the substrate surface. The reason is that most 

reaction chemical species produced in the plasma result in a much higher surface reaction rate [44], 

resulting in differences in film thickness following different RF power supply activation conditions. 

In Figure 3, the thickness of the ZnO film layer at different fabrication conditions of excitation with 

RF power 200-300 W is displayed. As can be seen in the graph, ZnO film prepared with RF power 

300 W exhibits a maximum thickness greater than 700 nm. The reason is that the arrival rate of the 

ZnO precursor, also called precursor flux [45], is higher than that of the other excitation conditions 

of RF power. As a result, the adsorption rate of ZnO molecules on the substrate is significant and 

directly proportional to the power supply condition of 200-300 W. However, if reaction by-products 

(Figure 2) are still absorbed, they will prevent the arrival of the ZnO precursor, reducing the 

adsorption rate. The results can be observed at RF power 280-200 W, respectively, and increased 

pressure in the reactor chamber. 

3.3. Structral properties of ZnO film deposited on PET substrates 

Figure 4 presents the XRD pattern of the ZnO film on the PET substrate under the diffraction 

pattern achieved with two from 20° to 80°. The information shows that the ZnO peaks detected are 

recognized as a polycrystalline hexagonal wurtzite crystal structure. The XRD spectra of all samples 

display ZnO (002) located at approximately 34.24°. This result is consistent with the previous study 

[46-48]. Noticeably, the image information shows that as the RF power increased, the intensity of the 

diffraction peak (002) continuously rose, which increased the film thickness, consistent with Figure 

3. The small broad peak (103) is also observed. However, the diffraction intensity of (002) is more 
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potent than that of (103) direction. According to the effect of film deposition with the ZnO film 

thickness result in Figure 3, the results indicate that the ZnO thin film structure mainly appears with 

columnar grains structure pattern perpendicular to the substrate surface. Therefore, the research 

results show that the film thickness can change the crystal orientation of the ZnO film formation, 

which is directly affected by the plasma simulation of increasing RF power during the deposition 

process. For this reason, a suitable film thickness is required to create highly oriented ZnO crystalline 

thin films. The average crystalline size (D) of the ZnO film is determined using Scherrer’s equation 

[49]. 

D =
kλ

β cos θ
 (3) 

Figure 5(a-b) illustrates FE-SEM images consisting of a top view (5(a)) and cross-section view 

(5(b)) of ZnO thin film surface prepared with low-pressure high-frequency Ar + O2 plasma chemical 

vapor deposition. The test results found that the ZnO film prepared with RF power 300 W had the 

characteristic of forming a dense and uniform columnar film with a thickness of 720 nm. The surface 

of the film has a granular structure. The grains are prominent in the 50-150 nm range, with an average 

of approximately 100 nm. According to the observation, plasma energy affects film formation. Where 

the RF power is low, the film is thin, the density is low, and the grain is small. When the RF power 

increases, the film has a dense columnar appearance. It is more uniform, and the film surface has a 

granular structure. The grain is larger and more defined. Thus, the FE-SEM images show that using 

low-pressure, high-frequency Ar + O2 plasma to stimulate the production of ZnO thin films 

significantly affects film growth. For films with higher RF power, which has a significant energy 

content, the kinetic energy of ZnO atoms will increase, and the diffusion coefficient will also be high. 

In this case, it moves throughout the available space, causing large grains denser on the film. On the 

other hand, while preparing films with lower RF power, the kinetic energy of the ZnO atoms is low. 

It has a low diffusion coefficient, resulting in scattered clumps together sparsely, resulting in low 

deposition. It gives a columnar crystal structure with a low density. Additionally, Figure 5(c) displays 

an AFM image of a ZnO film showing film surface characteristics consistent with the FE-SEM images 

in Figures 5(a) and 5(b). 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 July 2024                   doi:10.20944/preprints202407.1271.v1

https://doi.org/10.20944/preprints202407.1271.v1


 7 

 

 

Figure 4. X-Ray diffraction analysis (XRD) of ZnO thin film deposited on a PET substrate preparing 

by low-pressure high-frequency Ar + O2 plasma chemical vapor deposition. 
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(a) (b) (c) 

Figure 5. Microstructure image of the ZnO thin film deposited on PET substrate under different 

conditions of RF power 200-300 W preparing by low-pressure high-frequency Ar + O2 plasma 

chemical vapor deposition: (a) FE-SEM images of top-view; (b) FE-SEM images of cross-section view; 

(c) AFM images. 

3.4. Electrical Properties 

Figure 6 illustrates the comparative results of the electrical resistivity of ZnO films prepared with 

different plasma power excitation conditions of RF power 200-300 W. The trend of the graph shows 

that it is related to the ZnO film thickness investigation results in Figure 3, which has the lowest 

electrical resistivity value of 1.8 x 10-4 Ωcm under the condition of film preparation at RF power 300 

W. This is because when stimulating the film depositing process with higher plasma energy, it will 

support the reaction between the precursors. Thus, the final product will obtain the thicker ZnO films 

with a smooth texture and consistency.  
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Figure 6. Electrical resistivity of ZnO thin film deposited on PET substrate comparing by different 

low-pressure high-frequency Ar + O2 plasma supply of RF power 200-300 W. 

Figure 7 illustrates the comparison between carrier mobility and different conditions of RF 

power supply to ZnO fabrication. The results indicate that carrier mobility tends to decline as the RF 

power increases. It is inversely proportional to the electrical resistivity graph, as shown in Figure 6. 

The result can be assumed that low electrical resistivity is shown when the carrier mobility is high. 

Figure 8 displays the effect of RF power on the carrier concentration. The results showed similar 

values, but 300 W gives a maximum carrier concentration of about 9.7 x 1017 cm-3. Table 2 summarizes 

the result in each RF power supply case to make it easier to understand. 
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Figure 7. Comparison the carrier mobility on ZnO thin film preparing at different conditions of RF 

power 200-300 W under low-pressure high-frequency Ar + O2 plasma of chemical vapor deposition. 
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Figure 8. Comparison the carrier concentration on ZnO thin film preparing at different conditions of 

RF power 200-300 W under low-pressure high-frequency Ar + O2 plasma of chemical vapor 

deposition. 

Table 2. The comparison of electrical properties on ZnO thin films deposited on PET substrates 

including resistivity, mobility, and carrier concentration under different RF power supply. 

RF power 

(W) 

Resistivity 

(Ω-cm) 

Mobility 

(cm2/ V∙s) 

Carrier concentration 

(cm-3) 

lowest highest lowest highest lowest highest 

200 7.2 x 10-2 1.7 1.2 x 101 3.1 x 102 7.6 x 1015 1.5 x 1016 

220 2.2 x 10-2 1.1 4.1 x 101 1.1 x 102 3.2 x 1016 8.5 x 1016 

240 1.7 x 10-2 7.3 x 10-1 4.6 1.8 x 102 9.7 x 1016 2.3 x 1017 

260 1.2 x 10-2 9.2 x 10-1 7.4 1.2 x 102 8.3 x 1016 2.2 x 1017 

280 5.1 x 10-4 6.4 x 10-1 9.8 1.2 x 103 8.9 x 1016 1.7 x 1017 

300* 1.8 x 10-4 3.1 x 10-1 1.2 x 102 2.1 x 103 2.3 x 1017 9.7 x 1017 
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3.5. Transmittance Properties 

The light transmittance of the ZnO film was measured using a dual-beam UV-visible 

spectrometer, as shown in Figure 9. The results showed that all samples had light transmission in the 

wavelength range of 400-800 nm. Due to the thickness of the films, the interference streaks that 

occurred were sine waves. When measuring the light transmittance, it appears as a precise sine wave. 

The average light transmittance percentage increased as the film thickness decreased. The reaction 

on the substrate surface in Figure 1 explains the reason. Due to the lower plasma energy excited, the 

ZnO precursor is less likely to fall onto the substrate. As a result, the thickness of ZnO films will be 

less, increasing light transmittance. 

 

Figure 9. Light-transmittance of ZnO thin film deposited on PET substrate preparing by low-pressure 

high-frequency Ar + O2 plasma chemical vapor deposition under different conditions of RF power 

200-300 W. 

3.6. Photovoltaic characterization of DSSCs 

In this work, the parameters were determined to calculate the power conversion efficiency 

(PEC), which includes short circuit current density (𝐽𝑠𝑐), open circuit voltage (𝑉𝑜𝑐), maximum current 

density (𝐽𝑚𝑎𝑥) is the maximum electric current per area while the voltage is equal to zero, maximum 

potential (𝑉𝑚𝑎𝑥) is the voltage value when is no current or equal to zero and fill factor (FF) is the ratio 

between the multiple of maximum current density and maximum potential divided the multiple of 

short circuit current density and open circuit voltage [50-51], as shown the photocurrent density-

photovoltage (J-V) curves of DSSCs in Figure 10. Therefore, a power conversion efficiency (PCE) can 

be calculated by the multiple of 𝑉𝑜𝑐 , 𝐽𝑠𝑐, and FF divided by an incident light power (𝑃𝑖𝑛) [50-51] as 

shown in Equation (4). 

PCE (η) =
(Voc × Jsc × FF)

Pin
  (4) 

Figure 10 presents the power conversion efficiency of DSSCs based on ZnO/PET substrate by 

one sun illumination of AM 1.5 G with 100 mW/cm2. The DSSCs with ZnO/PET of deposition 

conditions of RF power 300 W show a higher short circuit current density of 14.32 mA/cm2and 
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improved FF value of 0.63 with an open-circuit voltage of 0.63 V in comparison with the other 

samples, which results in a high power conversion efficiency of 5.68%. 

 

Figure 10. Photocurrent density-photovoltage (J-V) curves of DSSCs based on ZnO/PET substrates. 

Table 3. Photovoltaic parameters of DSSCs based on the ZnO/PET substrates of varying RF power 

200-300 W. 

ZnO/PET substrate 𝐽𝑠𝑐 (mA/cm-2) 𝑉𝑜𝑐  (V) FF Efficiency (𝜂,%) 

RF 200 W 13.66 0.69 0.55 5.18 

RF 220 W 13.78 0.67 0.57 5.26 

RF 240 W 13.95 0.66 0.58 5.34 

RF 260 W 14.10 0.65 0.59 5.40 

RF 280 W 14.21 0.64 0.61 5.54 

RF 300 W 14.32 0.63 0.63 5.68 

4. Discussion 

The research found that a ZnO thin film was fabricated using low-pressure, high-frequency Ar 

+ O2 plasma and the chemical vapor deposition technique from DEZn under different film formation 

conditions. This will produce films with different electrical properties, optical properties, and film 

surface characteristics. The results can be summarized as follows. 

Firstly, in thin film production, when ZnO precursors generated by RF plasma excitation are 

adsorbed on the surface of a PET substrate. After that, decomposition will occur under heterogeneous 

reactions through interaction with the substrate surface. In this case, the DEZn, O2, and Ar molecules 

excited by RF power decompose to form ZnO atoms on the surface of the substrate, and Ar and O2 

molecules are absorbed into the gas phase. The rate of degradation of Ar and O2 depends on the 

temperature and vacuum pressure in the film formation process. Thus, the surface reactions that 

create ZnO thin films in these deposition processes consume energy from high-energy chemicals 

produced using plasma, an RF plasma source. The reason is that free ions and electrons in the plasma 

can attack the growing film directly. 

Second, when considering the RF power and vacuum pressure, the effect on the deposition and 

thickness of the ZnO films. As the pressure increased, the film thickness tended to decrease. This is 
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because the number of argon ions in plasma generation will increase. When the vacuum pressure 

increases, the ZnO atoms collide with the argon ions in the plasma simulation system in the reaction 

chamber and then lose energy due to the collision, causing them not to have enough power to drop 

on the substrate. In this, the deposition rate will decrease. Meanwhile, ZnO film prepared with higher 

RF power resulted in a corresponding increase in film layer thickness. Due to the energy supply, 

increasing plasma production accelerates chemical reactions, resulting in high-energy collisions and 

momentum transfer between atoms. As a result, the atoms have high energy of movement while 

depositing onto the substrate. In this, the film with thicker film will be obtained than the sample 

prepared with low power. 

Finally, vacuum pressure and RF power affect the film’s electrical resistivity and physical 

characteristics. As the vacuum pressure in the system increases, the electrical resistivity increases. As 

the RF power increases, the electrical resistance decreases. For this, both the carrier nobility and 

carrier density influence the electrical resistivity of the film. The increasing vacuum pressure in the 

system produces more positive ions in the plasma. In this, when positive ions collide with ZnO atoms, 

it has a chance of losing energy from colliding between ions, causing the kinetic energy of ZnO atoms 

to be reduced, with a low diffusion coefficient leading them to clump together into scattered clusters. 

These will result in a low deposition rate and a columnar crystal structure with a low density, 

resulting in a film with high electrical resistivity. However, adding plasma energy to the system 

through RF power will stimulate atoms with more deposition energy to have more kinetic energy 

and a high diffusion coefficient, creating a thick film layer and large grains. 

5. Conclusions 

The ZnO thin films are entirely fabricated by low-pressure, high-frequency Ar + O2 plasma using 

a chemical vapor deposition technique. Among the comparison of each sample under different RF 

power supplies 200, 220, 240, 260, 280, and 300 W, RF power 300 W exhibits the lowest electrical 

resistivity of 1.8 x 10-4 Ω-cm, which is the most comfortable property to apply in a DSSC device. At 

this point, the efficiency measurement is presented at 5.68%. Therefore, the results will be helpful in 

the solar cell manufacturing industry and provide a new way to create ZnO thin films for use as solar 

cells. 
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