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Abstract 

 

Hydrogenated amorphous silicon (a-Si: H) materials have received a great deal of attention for their potential to make inexpensive 

solar cells. In this work, we report that the effect of adding active layers in the a-Si: H p-i-n to p-i1-i2-n solar cell structure greatly 

affects the increase in conversion efficiency. Solar cells a-Si: H p-i1-i2-n were grown using the Plasma Enhanced Chemical Vapor 

Deposition (PECVD) technique on Indium Tin Oxide (ITO) substrate. The ITO substrate used for transparency and conductivity 

properties are superior among other oxide materials. The a-Si: H p-i1-i2-n solar cells were characterized including optical properties, 

electrical properties, energy gap using Spectroscopic Ellipsometric (SE), surface morphology using Atomic Force Microscopy (AFM) 

and solar cell performance (I-V curve) measured using solar simulator. The structure of solar cells a-Si: H p-i1-i2-n functions to capture 

sunlight energy that is not captured by the first intrinsic layer and can then be captured by the second intrinsic layer. Our results show 

that there is a very good increase from 7.79% in the p-i1-i2-n sample to 8.49% in the p-i2-i1-n sample. 
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1. Introduction 

 

One of the main problems found in hydrogenated amorphous silicon (a-Si: H) based solar cells is the instability of their efficiency 

after being exposed to high intensity for a long period of time. This phenomenon is known as the Staebler-Wronski Effect (SWE)         

[1-3]. The high hydrogen content is then known as one of the causes of SWE, where the silicon-hydrogen bond is easily released by 

the influence of high-intensity irradiation, leaving defects in the solar cell material [4, 5]. Therefore, several researchers then developed 

the Plasma Enhanced Chemical Vapor Deposition (PECVD) technique to overcome this problem. Material a-Si: H grown with PECVD 

by utilizing plasma as a growing medium [6, 7]. This technique uses Silan gas (SiH4) as the source gas, which is 10% in Hydrogen 

(H2) gas and an amorphous silicon material with a hydrogen content of 10-20% is obtained [8]. 

Increasing the efficiency of hydrogenated amorphous silicon (a-Si: H) based solar cells, especially to optimize the quality of the 

thin film on the p-i-n part of the solar cell, this part is the main part to convert solar energy into electrical energy [9, 10]. If the quality 

in the manufacture of this thin layer of p-i-n solar cells is good, the efficiency of solar cells can increase between 5-21% [11, 12]. 

Meanwhile, the concentration of boron or phosphorus dopants can affect the type of thin layer formed, so that the electron and hole 

concentrations can be controlled [13, 14]. The use of ITO is often used in solar cell applications because it has high stability against 

photo-corrosion, the price is relatively cheap and does not cause harmful effects to health and the environment. Usually the energy gap 

width in p-i-n solar cells also greatly affects the magnitude of the conversion efficiency of solar cells, it is also required to have a high 

absorption rate so that the photovoltaic effect obtained can be optimum [15]. 

 In this work, we reported the characteristics of hydrogenated amorphous silicon (a-Si: H) based solar cells with the addition of an 

active layer (i-layer). As we know, i-layer of the a-Si: H-based p-i-n solar cell device plays the most important role in the utilization of 

photon energy to excite its charge carrier from the valence band to the conduction band [16]. Furthermore, more photons will be 

absorbed if the active layer is thicker so that the charge carrier generation rate increases. On the other hand, the thicker i-layer also 

contributes to an increase in the localized state as well as an increase in the series resistance, thereby reducing the conversion efficiency 

of the solar cell [17, 18]. Therefore, the addition of the active layer (i-layer) with the optimum thickness will provide the best 

characteristics directly by maintaining the quality of the material, which is indirectly related to the technique used when growing the 

material. In this fabrication, we make an atempt for an approach by employing double active layers in producing junction having the 

structure of p-i1-i2-n, where each i layer has different band energy gap. 
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2. Materials and methods 
 

The deposition of intrinsic double layer solar cells p-i1-i2-n a-Si: H was carried out using Radio Frequency-Plasma Enhanced 

Chemical Vapor Deposition (RF-PECVD) (MVSystem Inc. USA), as shown in Figure 1. Plasma is formed through inelastic collisions 

between gas molecules and electrons in the discharge chamber. An electric field to accelerate electrons was supplied an AC voltage 

with a frequency of 13.56 MHz (RF) [19]. Hydrogen and silane gases flowed through a pipeline into the chamber, decomposed into 

neutral reactive species (SiH, SiH2, SiH3, Si2H6, H, H2, etc.), and were converted to positively charged ions (H+, SiH+, SiH2
+, and 

SiH3
+) [20]. Atomic force microscopy (AFM) measurements were performed using an instrument manufactured by AIST-NT (Smart 

SPM 1000). The instrument was used in tapping mode on a scanned area of 1 μm by 1 μm. The AFM images were evaluated applying 

several features of the Gwyddion software79 including data leveling, background subtraction and false color mapping. Surface 

roughness value Root-Mean-Square (RMS):  

 

RMS = √
1

𝑙𝑟
∫ 𝑧(𝑥)2𝑑𝑥

𝑙𝑟

0
.                                                         (1) 

 

 To get the double intrinsic layer made by diluting silane plasma by hydrogen, with the ratio of hydrogen and silane, R= H2/SiH4 

was varied energy band gap for a-Si: H films deposited with hydrogen dilution of R = 0, R = 16, and 36 [21], while the extrinsic layer 

of n-type and n-type was fixed for each sample. Furthermore, the sample is in the metal layer on the back which acts as an electrical 

contact and a light reflector. Deposition parameters can be seen in Table 1 and Table 2 with the hope that it can also produce good 

quality solar cell efficiency. At each layer, characterization is carried out or physical properties are searched, namely thickness 

morphology, optical properties, band gap, electrical properties using Spectroscopic Ellipsometric (SE) UVISEL-Horiba and I-V 

characterization of intrinsic double layer solar cells p-i1-i2-n a-Si: H with solar simulator Keithley 617. 

 

 
 

                                (a)                                                           (b)                                                                 (c) 

 

Figure 1 Scheme of solar cells a-Si: H deposition of sample p-i1-i2-n and sample p-i2-i1-n (a) system with multi-chamber RF-PECVD 

(MVSystem Inc. USA). (b) The samples of solar cells a-Si: H (10x10) cm2 integrated with the conductive film, and (c) Atomic Force 

Microscopy (AFM) AIST-NT (Smart SPM 1000). 

 

Table 1 Solar cells a-Si: H sample p-i1-i2-n deposition parameters. 

 
Sample Type Forming parameters Eg Thickness 

p-i1-i2-n 

p 

SiH4 20 sccm 

2.04 eV 35 nm 

B2H6 2 sccm 

H2 40 sccm 

Power RF 5 Watt 

Temperature 210oC 

Pressure 4800 mTorr 

Time 10 Minute 

i1 

R (H2/SiH4) 0 

1.92 eV 200 nm 

Power RF 10 Watt 

Temperature 270oC 

Pressure 2000 mTorr 

Time 140 Minute 

i2 

R (H2/SiH4) 16 

1.66 eV 400 nm 

Power RF 10 Watt 

Temperature 270oC 

Pressure 2000 mTorr 

Time 90 Minute 

n 

SiH4 20 sccm 

2.19 eV 65 nm 

PH4 5 sccm 

H2 20 sccm 

Power RF 5 Watt 

Temperature 210oC 

Pressure 5300 mTorr 

Time 10 Minute 
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Table 2 Solar cells a-Si: H sample p-i2-i1-n deposition parameters. 

 
Sample Type Forming parameters Eg Thickness 

p-i2-i1-n 

p 

SiH4 20 sccm 

2.04 eV 35 nm 

B2H6 2 sccm 

H2 40 sccm 

Power RF 5 Watt 

Temperature 210oC 

Pressure 4800 mTorr 

Time 10 Minute 

i2 

R (H2/SiH4) 16 

1.66 eV 400 nm 

Power RF 10 Watt 

Temperature 270oC 

Pressure 2000 mTorr 

Time 90 Minute 

i1 

R (H2/SiH4) 0 

1.92 eV 200 nm 

Power RF 10 Watt 

Temperature 270oC 

Pressure 2000 mTorr 

Time 140 Minute 

n 

SiH4 20 sccm 

2.19 eV 65 nm 

PH4 5 sccm 

H2 20 sccm 

Power RF 5 Watt 

Temperature 210oC 

Pressure 5300 mTorr 

Time 10 Minute 

 

3. Results and discussion 
 

 The SE technique was used to characterize a-Si: H, hydrogenated nano-crystalline silicon (nc-Si: H) and hydrogenated crystal 

microstructure (μc-Si: H) prepared by RF-PECVD. The transition from amorphous phase to nc/μc-Si: H can be identified qualitatively 

by in-situ and ex-situ SE techniques [21-24]. This work has also been used to study the diffusion of hydrogen into films and the kinetics 

of hydrogen interaction with a-Si: H during plasma H2 treatment. It is possible to determine optical constants, bandgaps, thickness, 

amorphous fraction, crystals and cavities, surface layer thickness through dielectric function analysis using suitable models namely 

Tauc-lorentz (TL) and Bruggman effective medium approximation model (BEMA). 

 

 
 

Figure 2 Real and imaginary part fitting model (a) p-type and (b) n-type of the values of ψ and Δ measured in SE with an angle of 50o, 

60o and 70o 
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 Measurement <ψ> and <Δ> of SE to layers p-type and n-type shown in Figure 2, layers i1-type and i2-type shown in Figure 3 along 

with the results of data fitting. The dielectric function <ε> describes the optical and electrical properties of the material over the 

measurement energy range. The dielectric function consists of two components, namely real <ε1> and imaginary <ε2>. The real 

component <ε1> represents the polarization of the material due to the electric dipole which contributes to the atomic and electric 

polarization, while the imaginary component <ε2> represents the amount of light absorption in the material [25].  

 

 
 

Figure 3 Real and imaginary part fitting model (a) i1-type and (b) i2-type of the values of ψ and Δ measured in SE with an angle of 

50o, 60o and 70o 

 

 
 

Figure 4 Dielectric function (a) p-type and n-type, (b) i1-type and i2-type. The real part <ε1>, and (b) the imaginary part <ε2> 
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 Our results show that from the SE measurements it is obtained that the addition of an active layer (i-layer) can increase the dilution 

of hydrogen, not only the total hydrogen content in the film increases but the number of hydrogen bonds as strong Si-H also increases. 

The band gap increases because the Si-H bond has a higher energy than the Si-Si bond and the valence band is lower on the film.  

Figure 4 shows the addition of the active layer (i-layer) increases the energy gap with the total hydrogen content in the film. It is known 

that the energy gap increases almost linearly with the total hydrogen content. The increase in hydrogen content can be understood as 

follows: During the processing of hydrogen plasma, a small part of the amorphous phase is carved out and an nc-Si seed layer is formed. 

 The measured values of the dielectric constant as a function of photon energy are installed using TL + BEMA, namely the parameter 

values assigned to A, E0, C and Eg are listed in Table 3 and the corresponding roughness, energy gap and bias values are listed in   

Table 4. The values calculated from the fraction amorphous, crystalline, and void for bulk and coarse surface layers are listed in        

Table 4 along with roughness values obtained from AFM [26, 27]. As can be seen from this table, there is a good fit between the values 

of A, E0, C and Eg in the model TL + BEMA. The amplitude parameter value (A) was found to increase and the expansion parameter 

(C) decreased with increasing plasma H2 dilution (Table 3). These observations indicate an increase in structural order with H2 dilution. 

It was also observed that the volume fraction of the amorphous and void phases decreased and the crystalline phase increased with 

increasing plasma hydrogen phase (Figure 4). The thickness, energy and refractive index calculated using this model also corresponden 

to the values obtained from the UV-VIS transmission data. The film roughness of the AFM study was also very similar to the thickness 

of the rough surface layer (Figure 5). 
 

Table 3 Model fitted parameters (A, E0, C and Eg) of p-type, n-type, i1-type and i2-type films. 
 

Layer TL + BEMA Model 

 A (eV) Eo (eV) C (eV) Eg (eV) 

p-type 225 ± 1.35 3.40 ± 0.01 3.5 ± 0.01 2.00 ± 0.01 

n-type 225 ± 1.35 3.38 ± 0.01 3.5 ± 0.01 1.95 ± 0.01 

i1-type 230 ± 1.20 3.40 ± 0.01 3.2 ± 0.01 1.65 ± 0.01 

i2-type 235 ± 1.20 3.40 ± 0.01 3.4 ± 0.01 1.84 ± 0.01 

 

Table 4 Void, amorphous and crystalline fraction of bulk and surface roughness layer of p-type, n-type, i1-type and i2-type films 

calculated from SE and RMS roughness from AFM measurements. 
 

Layer Bulk layer Surface roughness layer AFM 

 fv (%) fa (%) fc (%) fv (%) fa (%) fc (%) Roughness (nm) 

p-type 6.43 ± 0.12 42.57 ± 1.54 39.5 ± 2.72 13.4 ± 0.58 50.2 ± 2.01 39.4 ± 1.25 8.95 ± 0.2 

n-type 8.32 ± 0.18 62.34 ± 3.01 16.7 ± 1.01 25.3 ± 0.65 63.8 ± 2.67 14.5 ± 1.08 7.45 ± 0.3 

i1-type 9.44 ± 0.22 83.06 ± 3.86 4.22 ± 0.28 31.4 ± 0.86 65.5 ± 2.88 4.10 ± 0.59 5.60 ± 0.2 

i2-type 9.44 ± 0.22 83.06 ± 3.86 4.22 ± 0.28 31.4 ± 0.86 65.5 ± 2.88 4.10 ± 0.59 6.20 ± 0.2 

 

 Measurement of the thickness and morphology of the sample using AFM will characterize the material using atomic forces between 

the tip and the substrate. AFM consists of several devices such as tip, cantilever, piezoelectric sensor and photo-detector [28]. During 

the material characterization process, the tips move along the surface of the test material, causing the cantilever's slope to vary. The 

cantilever slope is detected by the photo-detector. The laser beam given to the cantilever is received by the detector which is detected 

as the cantilever slope. Measurements or scanning are taken at the layer and substrate boundary area (no layer). Scanning on this border 

area information on the difference in height or depth which states the thickness of the thin layer formed. 

 The results of measurements using AFM for each layer of p-type, n-type, type-i1, and type-i2 are as shown in Figure 5. In the 

measurement results, the surface roughness of the coating shows the surface morphology of the p-type, n-type, i1 and type-i2 layers in 

a layer area of 2x2 μm2. Here it is found that the p-type, n-type, i1-type, and i2-type layers are very uniform across layers. The small 

grain size was clearly observed in all layers. It is caused by changes in nucleation and growth process in layers using PECVD. Surface 

roughness value Root-Mean-Square (RMS) of each of the p-type layer, n-type, i1-type and i2-type obtained from AFM measurements 

found 8.95 nm, 7.45 nm, 5.60 nm and 6:20 nm. From this very good roughness value, it can increase the occurrence of electron transport 

in each layer of the solar cell a-Si: H. 
 

 
 
                             (a)                                             (b)                                                  (c)                                                  (d)  
 

Figure 5 Surface morphology and thickness. (a) p-type, (b) n-type, (c) i1-type, and (d) i2-type. 
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 The results of the characterization of solar cells a-Si: H sample p-i1-i2-n and sample p-i2-i1-n were measured using the Keithley 617 

solar simulator. Figure 6 shows the results of measurement of I-V characteristics of solar cells a-Si: H is generated in the sample p-i1-

i2-n and sample p-i2-i1-n. One of the factors that caused the low fill factor value of the solar cells a-Si: H sample p-i1-i2-n and sample 

p-i2-i1-n produced was the imperfect joint formation mechanism that created defect conditions in the interlayer area (interface). 

 It is known that the solar cells a-Si: H sample p-i1-i2-n and sample p-i2-i1-n five junction regions. Each of these is a connection 

between the ITO substrate and the p-layer, between the p-layer and the i1-layer, between the i1-layer and the i2-layer, between the i2-

layer and the n-layer, and between the n-layer and metal contacts. If the connection between these layers is not formed properly it will 

create defect conditions in the joint area [29, 30]. The defects formed in each junction will also contribute greatly to the increase in the 

value of the series resistance of the solar cells a-Si: H sample p-i1-i2-n and sample p-i2-i1-n. If this happens, the current generated by 

the irradiation effect (photo-current) will decrease rapidly with increasing bias voltage.  

 To observe changes in the work function of the front contact between ITO/(p)a-Si:H, it is depicted by the change in the front contact 

barrier height (𝜑𝑏0) by taking a variation of the typical front work function (WFTCO) values based on experimental results, namely 5.20 

eV (𝜑𝑏0 = 1.42 𝑒𝑉), 5.42 eV (𝜑𝑏0 = 1.62 𝑒𝑉), and 5.66 eV (𝜑𝑏0 = 1.68 𝑒𝑉), respectively [31-33]. Meanwhile, the neutral back contact 

barrier height (𝜑𝑏𝐿), at the n/metal interface is kept constant at a value of 0.2 eV (~ WBTCO = 4.0 eV). Based on the typical 𝜑𝑏0 

parameter, the effect of front barrier height will be tested on changes in doping concentration, bandgap, and thickness of the p-window 

layer. Other parameters used in the simulation referred to the Table 5. 

The expression used to describe the relationship between work functions (front and back contact) refers to Figure 6 are 𝑊𝐹𝑇𝐶𝑂 = 

𝜑𝑏0 + 𝜒𝑎𝑡 𝑥=0 and 𝑊𝐵𝑇𝐶𝑂 = 𝜑𝑏𝐿 + 𝜒𝑎𝑡 𝑥=𝐿, where 𝑊𝐹𝑇𝐶𝑂, 𝑊𝐹𝑇𝐶𝑂, 𝜑𝑏0, 𝜑𝑏𝐿, 𝜒𝑎𝑡 𝑥=0, 𝜒𝑎𝑡 𝑥=𝐿 are the front work function, the back work 

function, the front contact barrier height, the back contact barrier height, the front electron affinity, and the back electron affinity  [34, 

35]. From Figure 7 by referring to the geometric structure in the energy diagram of the p-i1-i2-n solar cell structure, another relationship 

can be derived to express the quantities 𝜑𝑏0dan 𝜑𝑏𝐿, as follows: 

 

𝜑𝑏0 = 𝐸𝐺 (𝑝) − 𝐸𝑎𝑐𝑡 (𝑝) − 𝐸𝑠𝑏𝑏                                                         (2) 

 

𝜑𝑏𝐿 = 𝐸𝐶 − 𝐸𝐹 = 𝐸𝑎𝑐𝑡 (𝑛)                                                          (3) 

 

where 𝐸𝐺 (𝑝), 𝐸𝑎𝑐𝑡(𝑝), 𝐸𝑠𝑏𝑏 , 𝐸𝐶 , 𝐸𝐹 , 𝐸𝑎𝑐𝑡(𝑛) are the mobility band gap of the (p) a-Si:H layer, the activation energy of the (p) a-Si: H 

layer, surface band bending, the conduction band, the Fermi energy, and the activation energy of the (n) a-Si:H layer. 

 

Table 5 Parameters input for simulated of the p-i1-i2-n solar cell using AFORS-HET 

 

Parameters (p)a-Si:H (i1)a-Si:H (i2)a-Si:H (n)a-Si:H 

Layer thickness (nm) 15 100-500 100-500 25 

Dielectric constant 11.9 11.9 11.9 11.9 

Electron affinity (eV) 3.8 3.80 3.80 3.80 

Band gap (eV) 2.0 1.7-1.86 1.7-1.86 2.2 

Effective cond. band density (cm-3)   2.5 x 1020 2.5 x 1020 2.5 x 1020 2.5 x 1020 

Effective val. band density (cm-3) 2.5 x 1020 2.5 x 1020 2.5 x 1020 2.5 x 1020 

Acceptor concentration, Na (cm-3)  3.0 x 1018 0 0 0 

Donor concentration, Nd (cm-3) 0 0 0 1.0 x 1019 

Electron mobility (cm2V-1s-1) 10 20 20 10 

Hole mobility (cm2V-1s-1) 1 2 2 1 

Thermal velocity of electron (cms-1) 1.0 x 107 1.0 x 107 1.0 x 107 1.0 x 107 

Thermal velocity of  hole (cms-1) 1.0 x 107 1.0 x 107 1.0 x 107 1.0 x 107 

Defect density at conduction (valence) band edge (cm-3eV-1) 
6.67 x 1020 

(6.67 x 1020) 

2.33 x 1021 

(2.33 x 1021) 

2.0 x 1021 

(2.0 x 1021) 

2.0 x 1021 

(2.0 x 1021) 

Urbach energy for conduction (valence) band tail (eV) 0.03(0.06) 0.03(0.06) 0.03(0.06) 0.03(0.06) 

Capture cross section σe (σh) for conduction band tail (cm2)  
1.0 x 10-17 

(1.0 x 10-15) 

1.0 x 10-17 

(1.0 x 10-15) 

1.0 x 10-17 

(1.0 x 10-15) 

1.0 x 10-17 

(1.0 x 10-15) 

Capture cross section σe (σh) for valence band tail (cm2)  
1.0 x 10-15 

(1.0 x 10-17) 

1.0 x 10-15 

(1.0 x 10-17) 

1.0 x 10-15 

(1.0 x 10-17) 

1.0 x 10-15 

(1.0 x 10-17) 

Gaussian density of states (cm-3) 8.0 x 1017 8.0 x 1015 8.0 x 1015 8.0 x 1017 

Gaussian peak energy for donor(acceptor) (eV) 1.22(0.70) 1.22(0.70) 1.22(0.70) 1.22(0.70) 

Standard deviation of Gaussian for donor (acceptor) (eV) 0.23(0.23) 0.23(0.23) 0.23(0.23) 0.23(0.23) 

Capture cross section σe (σh) for donor-like Gaussian States (cm2)  
1.0 x 10-14 

(1.0 x 10-15) 

1.0 x 10-14 

(1.0 x 10-15) 

1.0 x 10-14 

(1.0 x 10-15) 

1.0 x 10-14 

(1.0 x 10-15) 

Capture cross section σe (σh) for acceptor-like Gaussian states (cm2)  
1.0 x 10-15 

(1.0 x 10-14) 

1.0 x 10-15 

(1.0 x 10-14) 

1.0 x 10-15 

(1.0 x 10-14) 

1.0 x 10-15 

(1.0 x 10-14) 



Engineering and Applied Science Research 2022;49(2)                                                                                                                                                  207 

 

 
 

 

 

 

Figure 6 Efficiency of solar cells a-Si: H. (a) sample p-i1-i2-n 7.79%, and (b) sample p-i2-i1-n 8.49%.  
 

 

 
 

 

 

 

Figure 7 Simulated band diagram of the p-i1-i2-n solar cell at thermodynamics equilibrium generated by AFORS-HET simulator 

 

4. Conclussion 
 

 Based on the results obtained in this study, it was reported that the effect of active layer thickness on the performance of amorphous 

hydrogenated silicon solar cells (a-Si: H) obtained a fairly good increase in conversion efficiency with an increase in efficiency of 

7.79% in the p-i1-i2-n sample to 8.49% for the p-i2-i1-n sample. The conversion efficiency of solar cells produced with the thickness of 

the active layer (i-layer) is still very possible to be improved, among others, such as adding back contact as an optical enhancement 

factor, marked by the increase in light absorption by the a-Si: H layer. The optical enhancement factor is the average distance of light 

before it is absorbed by the a-Si: H layer, it occurs because the light is reflected by the back contact. 

 The conversion efficiency of solar cells produced by the addition of the active layer (i-layer) is still possible to improve, among 

others, such as insertion of a buffer layer in the areas between layers, the use of p-layer with doping-delta (δ-doped) which is proven 

to be able to improve the performance of a-Si: H solar cells with a uniform doping p-layer, the use of a-SiC: H material in the p-layer 

which is known to be more transparent than a-Si: H, or the use of a tandem structure (a-Si: H based pin solar cell for upper cells 

connected with p-i-n solar cells based on μc-Si: H for bottom cells). 
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