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Abstract 

      Compounds from tin oxide doped with gallium oxide and cerium oxide were 

synthesized. Thin films from (SnO2:Ga2O3,CeO2) with different doping ratios were 

prepared on glass and single crystal silicon as substrates with the use of the pulsed 

laser deposition technique. The results of FTIR spectrums analysis was presented. 

Varies heterojunctions were fabricated from (SnO2:Ga2O3,CeO2 /Cu2S/c-pSi) 

heterojunctions solar cell which are formed from two layers: the first was Cu2S and 

the second was layer from tin oxide doped with two oxides named gallium oxide and 

cerium oxide with different doping ratios (0, 0.03, 0.05, and 0.07). The heterojuntion 

(SnO2:5%Ga2O3 /Cu2S/c-pSi photovoltaic structure exhibits open circuit voltage 

(Voc) of 150mV, short circuit current (Isc) of 15mA, fill factor of 0.622and efficiency 

of conversion of 2.8% under an intensity of illumination of 100mW/cm
2
.  

 

Keywords: solar cell, pulsed laser deposition, SnO2 thin films, FTIR spectrum  

 
-SnO2:Ga2O3,CeO2 /Cu2S/c) تحليل FTIR  المفارق الهجينة للخلايا الشمسيه  وخصائص

pSi) 
 

, بشرى عباس حسن*مآب عبدالسلام عبود  
 جامعة بغداد, بغداد, العراققسم الفيزياء, كلية العلوم, 

 
 الخلاصه:

كسيد القصدير المطعم بأوكسيد الغاليوم وأكسيد السيريوم. ثم تم تحضير أغشية و ركبات من أم  حضرت     
بنسب تطعيم مختلفة على الزجاج والسيليكون أحادي البلورة كركائز  SnO2: Ga2O3, CeO2رقيقة من 

تم تحضير مفارق هجينة . FTIRباستخدام تقنية الترسيب بالليزر النبضي ، وتم عرض نتائج لتحليل أطياف 
خلية شمسية غير متجانسة تتكون من ك ((SnO2: Ga2O3, CeO2 Cu2S / c-pSiغير متجانسة من 

بينما كانت الطبقة الثانية عبارة عن طبقة من أكسيد القصدير مطعم بأكاسيد  Cu2S  طبقتين الأولى كانت
افضل كفاءة تحويل .(0.07 ,0.05 ,0.03 ,0)كسيد السيريوم بنسب مختلفةو اثنين هما أوكسيد الغاليوم وأ

حيث كانت فولتية الدائرة  SnO2:5%Ga2O3 /Cu2S/c-pSi)تم الحصول عليها من المفرق 2.8%
تحت شدة الإضاءة , 0.622, عامل المليء  mA 15وتيار الدائرة القصيرة  150mVالمفتوحة 

100mW/cm2. 
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1.Introduction 

     Nanomaterials were studied in various fields of study, including chemistry, medicine, 

physics, materials sciences, biology, and pharmacy, due to their unique electronic and 

optical properties [1,2] . Particles characteristics are improved as their size is reduced. The 

major strength of nanomaterials to be used in different applications is determined by their 

chemical and physical features [3]. Cellulose, cerium, titanium, silver, aluminium, 

iron, tantalum, manganese, gold, or a combination of two or more of these nanoparticles 

(NPs) are a few of the NPs now being investigated. In addition, Tin oxide can be defined as 

a semiconducting metal oxide with an n-type band gap of 3.6 eV. It has many applications in 

solar energy conversion, gas sensing, transparent conducting electrode preparation, catalysis, 

antistatic coatings, and many more [4]. 

 

     The existence of impurities and the stoichiometry of SnO2 in terms of oxygen influences 

its optoelectronic capabilities. Ga2O3 can be defined as one of the significant semiconducting 

materials [5], and it comes in a variety of crystalline forms known as ε, δ, γ, β, and α phases. 

It has a 4.9 eV band gap [6]. Due to its surface area/volume ratio, nano-size Ga2O3 has unique 

conduction and semi-conductor characteristics that suggest applications in the opto-electronic 

devices like photoelectric converters, flat panel displays, and optical limiters for ultra-violet 

oxide [7]. As a result of solar-blind qualities in a deep UV environment, it could also be 

employed for fabricating solar-blind devices [8]. Due to its high oxygen ion conductivity, 

cerium oxide or ceria (CeO2) has a broad range of applications in oxygen ion conductors in 

solid oxide fuel cells and catalysts/catalyst supports [9]. 

  

2.Experimental 

     The crystal structure and crystallinity of the tin oxide undoped and doped with Ga2O3 and 

CeO2 thin films were determined (FTIR 8400s). The spectra of SnO2 and SnO2:Ga2O3, CeO2 

thin films were recorded in the wavelength range (400-4000)nm. 

The Heterojunction solar cells were fabricated , Cu2S was deposited to increase cell 

efficiency, a thin layer (SnO2:Ga2O3,CeO2)was deposited using pulsed laser deposition 

method on single crystal silicon p-type. 

  

      (SnO2) undoped and doped with different ratios of Ga2O3 and CeO2 compounds and thin 

films were prepared using pulsed laser deposition method on various substrates like glass, for 

the FTIR analysis, and single crystal silicon wafers c-Si (p–types). The Si single crystal 

wafers p-type substrates with crystal orientation of (100), with electrical resistivity in the 

range of (1.50-5Ω.cm), carriers concentration of 1.45x10
10

cm
-3

, minimal indirect energy gap 

of 1.10eV were cleaned with the use of the etching process that can be summarized as: 

1- Immersing the silicon wafers ,with stirring, in a chemical solution that consists of 3ml 

HNO3 and 1ml HF for (1min–3min). 

2- Rinsing the samples several times with distilled water. 

3- Drying the samples with a soft paper. 

 

      The starting materials tin, gallium and cerium oxides were supplied from Alderch 

company.  SnO2:Ga2O3,CeO2 compounds with different doping ratios (0.0, 0.03, 0.05, and 

0.07) were prepared by heating the amounts of matrix oxide with the dopant oxide according 

to the demand ratios at temperature of 1273 K for five hours, then they were left to slowly 

cool to the temperature of the room. 

  

     Figure 1 shows the structure of the prepared heterojunctions solar cell in the present work. 

Device structure consists of (from the bottom) a layer of aluminium as back contact 
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(approximately 200nm), single crystal wafers (p-type silicon) and Cu2S layer (t=300±10 nm), 

and finally a layer of SnO2:Ga2O3,CeO2 of 150nm thickness which was deposited using the 

pulsed laser deposition method. The top and the bottom contacts were made of silver paste. 

Current-voltage measurements in the dark were carried out for SnO2:Ga2O3,CeO2 /p-Si 

hetrojunctions with Keithley digital electro-meter(616) and a DC power supply. Reverse and 

forward bias voltages were varied in the range (0V and 1V). I-V illumination measurements 

were made for the prepared cells by exposure to Halogen lamp light -Philips-120 W and 

100mW/cm
2
 intensity. The sun-light incident on the device from top as can be seen from 

Figure 1. 

 
Figure 1: structure of SnO2:Ga2O3,CeO2 /p-Si solar cell. 

 

From the plots of the relation between bias voltage and forward current, the factor of the 

ideality (β) could be specified as follows: 

Tk

qV
II
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exp                                                                       (1) 

 And the equation of Fill factor (FF)is given by:  
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The photo-voltaic conversion efficiency (PCE) can be characterized as: 
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The value of Is exponentially decreases with Eg based on the relation: 
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and Voc is associated with the saturation current based on the relation: 
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The I-V Characteristics can be described as follows [10]:  
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     Where: I represents reverse saturation current, V represents applied voltage, q represents 

electronic charge, T represents temperature, k represents Boltzmann’s constant, β represents 

factor of ideality, Rs and Rsh are series and shunt resistance values, respectively.   

The structures of the (SnO2):(Ga2O3,CeO2) thin films with different doping ratios were 

examined using X-ray diffraction. The results showed that all the prepared thin films have 

polycrystalline structure with tetragonal phase with preferred plane of crystal growth along 

(110) where the crystal size get to grow from 40.3 nm to 64.5 nm and to 43.5 nm for Ga2O3 

and CeO2 doped tin oxide thin films, respectively [11]. 

  

3.Results and discussion 
3-1 Structural analyses of (SnO2):(Ga2O3,CeO2) thin films 

     The FTIR spectra of SnO2 and (SnO2:Ga2O3, CeO2) thin films were measured in the range 

of 400-4000 cm
-1

 for Pure SnO2. The specific peaks were identified and matched with the 

standard values done by previous researches. Figure 2 shows the FTIR spectra for pure SnO2 

thin films. The bands were assigned due to the absorption peaks of Sn–O, Sn–O–Sn, Sn–OH 

and C–O, bond vibrations. In which the strong absorption band at 3416.34 cm
−1

 and the band 

at 1514.12 cm
−1

 are due to the existence of OH on the adsorbed water and Sn–OH. A sharp 

peak appeared at 2378.23 cm
−1

 due to carbon dioxide, which is incorporated from the 

atmospheric exposure. The absorption peak at 663.51 cm
−1

 is assigned to Sn–O vibrations of 

SnO2. 

 

     The FTIR spectra of the synthesized Ga2O3 doped SnO2 with doping concentrations of 

(0.03, 0.05, and 0.07) are shown in Figures (2, 3, and 4). The spectra peaks at 613 and 459 

cm
−1

 are assigned to Ga–O–Ga and Ga–O vibration of Ga2O3, respectively [12]. It was noted 

that with the increase of the doping concentration, the infrared absorption becomes stronger 

indicating that the content of Ga–O–Ga and Ga–O has increased. Figures (5, 6, and 7) show 

the FTIR spectra of the synthesized CeO2 doped tin oxide with doping concentrations of 

(0.03, 0.05, and 0.07). The large broad band at 3419.79 cm
-1

 is ascribed to the O-H stretching 

vibration in OH
-
 groups. The absorption peaks around 1643.35 cm

-1
 were assigned to the 

bending vibration of C-H stretching. The strong band below 655.80 cm
-1

 was assigned to the 

Ce-O stretching mode [13]. The broad band, corresponding to the Ce-O stretching mode of 

CeO2 is seen at 500 cm
-1

. 
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Figure 2:  FTIR spectrum of pure SnO2 thin films 

.  

 

Figure 3:  FTIR spectrum of SnO2:3%Ga2O3thin films 
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Figure 4:  FTIR spectrum of SnO2:5%Ga2O3 thin films 

 

 
Figure 5: FTIR spectrum of SnO2:7%Ga2O3 thin films 
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Figure 6: FTIR spectrum of SnO2:3%CeO2 thin films 

 

 
 

Figure 7:  FTIR spectrum of SnO2:5%CeO2 thin films 
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Figure 8: FTIR spectrum of SnO2:7%CeO2 thin films 

 

3.2 Electrical properties  

3.2.1 Current –voltage characteristics of (SnO2:Ga2O3,CeO2 /Cu2S/c-pSi) heterojunctions 

solar cells. 

   

     In general the forward dark current is generated due to the flow of majority carriers and the 

applied voltage injects majority carriers which lead to the decrease of the built - in potential, 

hence decreases the width of depletion layer . One can recognize two regions when forward 

voltage is applied for all the prepared heterojunctions from (SnO2:Ga2O3,CeO2 /Cu2S/c-pSi) 

as shown in Figure (9a and 9b). The low biasing voltage region where the current is 

generation recombination here, the generated carriers are greater than the intrinsic carriers  i.e. 

np>ni
2
. The high biasing voltage region, the current is attributed to tunneling effect. When 

reverse bias voltage is applied also two regions can be noted. In the first region of low 

voltages, where the generation current dominates, the increase of the applied voltage leads to 

the increase the depletion width, while at the second high voltage region, the diffusion current 

dominates [14]. 

  

     In order to estimate the value of ideality factor (n) the relation between forward of (ln dark 

current) and biasing voltage (0V-0.2V) for (SnO2:Ga2O3,CeO2 /Cu2S/c-pSi). respectively 

were prepared with different gallium and cerium oxides ratios as shown in Figure 10 . It is 

clear that there are two regions: in the first the recombination current dominated, while the 

tunneling current dominated at the second region, hence it obeys the recombination-tunneling 

mechanism. The significant feature of this figure is the non-ohmic behavior, where current 

flow in the forward biasing, but very low current flows in the reverse biasing.  

 

     It is obvious from this figure that the value of the current decreased with increasing the 

gallium concentration, however the dark current show significant increase with high gallium 

oxide ratio, i.e . 7%.; while the dark current was low for 3% and 7 % ratios of cerium oxide 

but significantly increased at 5% ratio. In general, the forward dark current is generated due to 
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the flow of majority carriers and the applied voltage injects majority carriers which lead to the 

decrease of the built - in potential, hence decreases the width of depletion layer. The diode 

ideality factor (β) is an important parameter that determines the quality of the junction, where 

β approaching unity is considered ideal. According to Sah et al. [15], an ideality factor 0 < β ≤ 

1 at low voltages and β →2 at higher voltages were predicted. The range of β, 1 < β < 

2 indicates the existence of surface and interface states at junction, which has made it non-

ideal for Shockley– Reed–Hall type re-combination. This theory does not address the ideality 

factor β > 2; rather than that, a coupled defect level mechanism of re-combination was 

predicted theoretically [16] and the proven experimentally [17]. These two theories, on the 

other hand, do not account for the ideality factor β > 6. It has been suggested by Sze [18] 

compared to an amorphous or disordered interface layer at junction may cause such a 

large value of β where Frenkel–Poole (FP) model might adequately describe the conduction 

properties [18]. 

  

     According to the structural analysis, increasing the gallium oxide ratio leads to 

considerable structure enhancement, implying a lower possibility of integrating defects as 

interface states, which limits charge carrier re-combination [19]. For gallium oxide ratios of 0, 

0.05, and 0.07, diode ideality factor β was found to be in an appropriate range, however it 

quickly increased for 0.03 gallium oxide ratio. Because the obtained factor of ideality β is 

slightly higher compared to its normal range, 1 < β < 2, it may be assumed that there 

are defects in both quasi-neutral and junction regions and are accountable for carrier 

recombination at the junction. It is widely known that the Voc, Isc, and F.F of solar cells must 

all be improved for enhancing cell efficiency. 

 

 
Figure 9a: Current versus applied voltage in dark of (SnO2: Ga2O3 /Cu2S/c-pSi) 

heterojunctions. 
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Figure 9b: Current versus applied voltage in dark of (SnO2: CeO2 /Cu2S/c-pSi) 

heterojunctions. 
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Figure 10:  ln(forward current) versus applied voltage of (SnO2:Ga2O3,CeO2 /Cu2S/c-pSi) 

heterojunctions. 

 

    Figure 11 shows the current vs applied voltage of (SnO2:Ga2O3,CeO2/Cu2S/c-pSi) 

heterojunctions under standard illumination conditions (100mW/cm
2
). Built-in voltage Vbi is 

known to be connected to Voc, with the latter's maximum value being near to the energy gap.           

The density of charge carriers passing across the junction determines the change in photo 

current. There is a chance that band-gap discontinuities will form across the absorber 

layer(Cu2S), resulting in a reduced Voc. Surface barrier, which has been calculated to be 

around half of absorber band gap which were (SnO2:3.60, 3%Ga2O3:3.90, 5%Ga2O3:2.80, 

7%Ga2O3:3.50, 3%CeO2:3.60, 5%CeO2:3.58, 7%CeO2:3.55 [11] can also be a source of low 

Voc. Second, lack of thickness uniformity in absorber layer could result in a significant 

number of photocurrent shunting paths, producing FF degradation. The diode ideality factor 

could be greater than 2 as defect density increases. A back contact's series resistance is also an 

important source of resistance. Silver paste as a back metal contact was employed in the 

present study, which could result in a high series resistance. Table 1 summarizes the 

extracted device performance parameters, including open circuit voltage, short circuit current, 

maximum voltage and current, filling factor, and efficiency. One of the optoelectronic 

characteristics for heterojunction that is considered a significant parameter which is of high 

importance in solar cell devices is the current-voltage characteristic under illumination. Figure 
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10 shows that the photo-current increased as the bias voltage was increased as a result of the 

narrowing of depletion region, and that the photo-current in reverse bias was greater than that 

in forward bias. Which is due to the fact that when the applied reverse bias voltage increases, 

the width of depletion area widens, resulting in separation of electron–hole pairs, and so the 

photo-current is a function of carrier generation and diffusion. Semiconductors utilized in 

heterojunction solar cells have a high absorption coefficient when photon energy are much 

above the band gap energies. This results in significant surface recombination and a drop in 

quantum efficiency. Reducing the thickness of one junction layer is one approach to reduce 

this undesired absorption. Yet, this must be accomplished without significantly increasing the 

device's series resistance, as this would have the opposite effect. As a result of the narrowing 

of optic band gap and sufficient optical absorption that results, the produced cells have a 

larger Isc. 

 

     On the other hand, it is obvious that SnO2: 5%Ga2O3, PCE (power convertion efficiency) 

is further boosted by 2.80%. Higher Ga2O3-doping (7%) achieved high Voc (0.15V) and fill 

factor (F.F.=0.667) due to an elevation in the value of the band edge, as seen from the data 

listed in Table 1. However, this high Ga2O3 doping level (7%) results in decreasing ISC, due to 

the fact that too high a band edge impedes the photo-electrons injection, which thus results in 

degrading the PCE. It is clearly observed that the conversion efficiency of (SnO2:Ga2O3 

/Cu2S/c-pSi) are higher than those of (SnO2:CeO2 /Cu2S/c-pSi); this may be attributed to the 

structure enhancement that happened as Ga2O3 was added to tin oxide; also the structural 

analysis showed that the crystal size grew from 40.3 nm to 64.5 nm as a result of doping with 

Ga2O3 ; while, the crystal size increased slightly from 40.3 to 43.5 nm as result of doping with 

CeO2 [11]. The high conversion efficiency occurring at 5% Ga2O3 doping ratio is related with 

the lowest energy gap(2.8eV) obtained as a results of doping by Ga2O3. It is well known that 

there is inverse relation between photo current and energy gap [18]. It is well known that built 

in voltage Vbi is associated to Voc and maximal value of the latter is close to the energy gap. 

The change of photo current depends on the density of charge carries that passes through the 

junction. The reduction of energy gap suggest reduction of built in voltage, this can be 

explained as follows. 

 

     Large Eg results in large Voc according to equations (4 and 5), and decreasing Eg leads to 

reducing Voc. The efficiency of the power conversion depends on the efficiency of the 

absorption, efficiency of exciton dissociation, transportation of the charge carriers and the 

efficiency of the charge collection. Absorption of the incident photons and the exciton 

dissociation are decided by photo-active layers’ thickness.  

 

     The best performance can only be achieved by the optimization of various parameters. It 

exhibits a semiconductor / semiconductor multijunction thin film behavior with the forward 

direction to the positive potential on p-S . Such exponential dependence at such range of the 

voltage may be a result of depletion region formation between n- (SnO2:Ga2O3,CeO2) active 

layer and Cu2S as a result of high work function of the two ohmic contacts for the active layer 

and (SnO2:Ga2O3,CeO2). 

 

     The relative high conversion efficiency (2.8%) is attributed to high photo current(14mA) 

provided from SnO2:5% Ga2O3/Cu2S/c-pSi, while the reduction of photo currents of which 

are related to wide energy gap of SnO2: CeO2 which consequently lead to reduction of 

conversion efficiency of SnO2: CeO2 /Cu2S/c-pSi cells.  
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Figure 11: I-V characteristics of (SnO2:Ga2O3,CeO2 /Cu2S/c-pSi) 

 

Table 1: The values of Isc, Im, Voc, Vm, F.F, Pm, Efficiency and Ideality factor of SnO2: Ga2O3, 

CeO2 /Cu2S/c-pSi heterojunctions solar cells 

 

Sample 
Isc 

(mA) 
Im(mA) Voc(Volt) Vm(Volt) F.F 

Pm 

(mW) 

Efficienc

y 

Idealit

y 

factor 

n-SnO2 /Cu2S/c-pSi 0.35 0.20 0.22 0.18 
0.46

8 
0.036 0.07% 2.01 

n- SnO2:3% 

Ga2O3/Cu2S/c-pSi 
4.50 4.20 0.15 0.20 

1.24

4 
0.84 1.68% 12.37 

n-SnO2:5% 

Ga2O3/Cu2S/c-pSi 
15.0 14.0 0.15 0.10 

0.62

2 
1.40 2.80% 2.70 

n-SnO2:7% 

Ga2O3/Cu2S/c-pSi 
0.10 0.10 0.15 0.10 

0.66

7 
0.01 0.02% 1.90 

n-

SnO2:3%CeO2/Cu2S/c-

pSi 

0.10 0.10 0.16 0.13 
0.81

3 
0.01 0.03% 10.72 

n-

SnO2:5%CeO2/Cu2S/c-

pSi 

9.00 7.00 0.12 0.08 
0.51

9 
0.56 1.12% 9.67 

p-

SnO2:7%CeO2/Cu2S/c-

pSi 

0.60 0.60 0.10 0.06 
0.60

0 
0.04 0.07% 8.73 

 

Conclusions 

     In the present work, heterojunction solar cells were fabricated from (SnO2:Ga2O3,CeO2 

/Cu2S/c-pSi).The efficiency depends on whether the doping lead to significant enhancement 

of the crystal structure or little, since the doping by gallium oxide enhanced the crystal 

structure compared with doping with cerium oxide, the best efficiency 2.8%was related with 

minimum energy gap which was obtained at 5% Ga2O3. Current versus voltage of the 

synthesized SnO2: Ga2O3, CeO2 /Cu2S/c-pSi heterojunctions solar cells revealed that at low 

forward bias, recombination dominates, whereas at high forward bias, charge transport 

through the device dominates. Doping was found to have a considerable impact on device 

performance. The charge carrier tunneling through large barriers of injection is thought to be 

the cause of the dark current under reverse bias. The overall efficiency of the device 

(SnO2:Ga2O3, /Cu2S/c-pSi) was higher than that of the (SnO2:CeO2 /Cu2S/c-pSi). The 

current–voltage relation was used to compute different photovoltaic characteristics under 

5%CeO2 
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global solar radiation. The reduced carrier recombination rate, which comes from crystal 

structure enhancement, is responsible for the increased power conversion efficiency. 
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