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 Finding the best thickness combination of the active layer and the 
interlayer of organic solar cells is essential to optimizing and 
producing an efficient device. In this research, the thickness 
combination was graphed by two scan steps, i.e., the major scan (50 
nm - interval) followed by the minor scan (10 nm - interval). The solar 
cell device was modeled by optical and 1D drift-diffusion modeling in 
the gvdm simulation software with P3HT:PCBM as the active layer 
and three different materials for the hole-selective layer (interlayer). 
The best power conversion efficiencies were 5.21, 4.14, and 5.22% 
when PEDOT:PSS, V2O5, and Spiro-OMeTAD were interlayer 
materials. The effective thickness for every interlayer material is 10 
nm, while the effective thickness of the active layer is 220 nm (for 
PEDOT:PSS and Spiro-OMeTAD devices) and 230 nm (for V2O5 
device). As a result, each device gives higher power conversion 
efficiency than that from the original setting of the software. 
Furthermore, this study's highest power conversion efficiency was 
higher than previously reported. These results suggest that scanning 
a more extensive range of layer thickness combinations is necessary to 
find the highest power conversion efficiency possible for every organic 
solar cell device. 
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Introduction 

Organic Solar Cells (OSCs) have enormous potential as an alternative to their inorganic 

counterparts owing to the low-cost, lightweight, easy-processed, and less environmental 

impact [1]–[4]. However, one primary challenge to being commercially available is their 

relatively low power conversion efficiencies (PCEs) compared to other types of solar cells, 

perovskite solar cells, for example [5]–[7]. For this challenge, tremendous advances have been 

made toward high PCE in the past few years. One result is the reported 18.2% PCE of single-
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junction OSC [8]. The high value of PCE comes from the optimization of photocurrent 

generation steps, i.e., light absorption, exciton splitting, charge transport, and charge collection 

[9]. Light absorption, exciton splitting, and charge transport occur in the active layer, while 

interlayers transport charges collected by electrodes. 

The active layer exposes a blend of p- and n-type organic materials by transmitted photons 

and generates excitons (electron-hole pairs). Interlayers are layers that lie between the active 

layer and electrodes. These layers provide ohmic contact to the electrodes and act as charge 

carrier selective layer (hole-selective layer (HSL) to block electrons and electron selective layer 

to block holes). Those processes are highly correlated with the film thickness. 

The thicker active layer enables more excitons to be generated. On the contrary, a thicker layer 

improves charge carrier recombinations (electrons and holes relaxed to the neutral state) [10]. 

On the other hand, thicker HSL/ESL enables better electron/hole blocking but decreases 

photon transmittance in ordinary/inverted OSCs. The combination of active and interlayers 

are also an essential factor because each gives a different value of PCE. Therefore, the thickness 

of each layer and the thickness combination should be appropriately adjusted to produce high 

PCE. 

A common strategy to optimize layer thickness is by setting a value to one layer and varying 

the thickness of another layer, and vice versa. This strategy could produce a high PCE value. 

However, the highest PCE value would only be found if all thickness combinations were tried. 

2 or more steps can simplify this vast task. The first is by the rough scan with large intervals 

followed by another step with smaller intervals to the specific thicknesses range, giving a high 

PCE value. Even though the task could be simplified, making many samples according to the 

thickness combination is exhausting.   

Those exhausting laboratory works can be replaced by using simulation software. The general-

purpose photovoltaic device model (gpvdm) is a modeling software to build and analyze solar 

cells and other optoelectronic devices (OLEDs and OFETs). The electrical modeling in GPVDM 

is 1D/2D drift-diffusion model [11]. The correctness of the software has been proven by 

reported research [12]–[19]. Some reports have used gpvdm software to simulate OSCs 

without trying a larger range of thickness combinations [20]–[27].  

This research demonstrates film thickness optimization of the ordinary single-junction OSCs 

with P3HT:PCBM as an active material and three kinds of HSL (PEDOT:PSS, V2O5, and Spiro-

OMeTAD) by gpvdm simulation software. To find the maximum PCE, we use two types of 

scanning thickness combination processes, i.e., a significant scan with a 50 nm – interval and 

a minor scan with a 10 nm – interval. This research proves that using a more extensive range 

of thickness combinations is necessary to find better PCEs. Furthermore, the values of PCEs 

were compared to the result from the original setting of the software and previously reported 

PCEs. 

Theory and Calculation  

The electrical stimulation in this research was conducted by gpvdm software. This software 

uses a finite-difference drift-diffusion model for free carrier transport. Carrier trapping/de-
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trapping is also accounted for by discretizing each mesh point in the drift-diffusion model 

energy space between the HOMO and LUMO [11].  

The single-junction device consists of layers, i.e., contact, inter-, active, and the contact layer. 
All layers will interact with light. However, the only active layer is electrically active, and the 
carrier transport is modeled in detail by the drift-diffusion model. In this model, the active 
layer was treated as one material with the HOMO level from the p-type material and LUMO 
level from the n-type material. The model is described in short below. 
The 𝐽𝑠𝑐 of the device is obtained by the photocurrent densities [24]: 

𝐽𝑠𝑐(𝑉) = ∫ {𝐽𝑝(𝜆, 𝑉) + 𝐽𝑛(𝜆, 𝑉)}

∞

0

𝑑𝜆 (1) 

Where 𝐽𝑝(𝜆, 𝑉) and 𝐽𝑛(𝜆, 𝑉) hole and electron current density: 
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While the continuity equation is: 

𝜕

𝜕𝑡
(𝛿𝑛) = 𝜇𝑛𝐹

𝜕

𝜕𝑥
(𝛿𝑛) + 𝐷𝑛

𝜕2𝛿𝑛

𝜕𝑥
+ 𝐺𝑒−𝑋𝛼(𝜆) −

𝛿𝑛

𝜏𝑛
= 0 (4) 

Where 𝛿𝑛 is the concentration of generated electrons, 𝜇𝑛 is electron mobility, 𝐹 is the equation 

that shows the electric field in the cell, 𝐷𝑛 Is the electron diffusion, and 𝐺 is the optical 

generation rate of the carrier. Equation resolving and device modeling was described in detail 

in [28]–[30]. 

The trapping/de-trapping process relates to the Density of the States (DoS) of the active layer 

and, therefore, to the gap energy between the blend materials (n-type and p-type) [24]. The 

DoS parameters in this research are presented in Table 1. Unfortunately, organic materials 

have no standard DoS parameters (depending on fabrication conditions). Therefore, the 

parameters in this research were obtained from the software default parameters. 

Table 1. The density of states (DOS) parameters of the active layer in the simulation 

Parameters Values SI units 
Electron trap density 3.80 × 1026 𝑚−3𝑒𝑉−1 

Hole trap density 1.45 × 1025 𝑚−3𝑒𝑉−1 

Electron tail slope 0.04 𝑒𝑉 

Hole tail slope 0.06 𝑒𝑉 

Electron mobility 2.48 × 107 𝑚2𝑉−1𝑠−1 

Hole mobility 2.48 × 107 𝑚2𝑉−1𝑠−1 

Relative permittivity 3.8 𝑎𝑢 

Number of traps 20 Bands 

Free electron to trapped electron 2.50 × 1020 𝑚−2 

Trapped electron to free hole 1.32 × 1022 𝑚−2 

Trapped hole to free electron 4.67 × 1026 𝑚−2 

Free hole to trapped hole 4.86 × 1022 𝑚−2 
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Effective desity of free electron states (@300K) 1.28 × 1027 𝑚−3 

Effective desity of free hole states (@300K) 2.86 × 1025 𝑚−3 

Affinity 3.8 𝑒𝑉 

Gap energy 1.1 𝑒𝑉 

Recombination rate constant 0.0 𝑚3𝑠−1 

 

The solar cell device parameters are written as follows. The 𝑉𝑜𝑐 is: 

𝑉𝑜𝑐 =
𝑛𝑘𝑇

𝑞
× ln (

𝐽𝑝𝑘𝑖

𝐽0
+ 1) (5) 

With 𝑛 is the ideality factor, 𝑘 is the Boltzmann constant, 𝑇 is temperature, 𝑞 is the electron 

charge density, and 𝐽0 saturation current density. 

The fill factor of the cell is calculated by: 

𝐹𝐹 =
𝐽𝑚𝑝𝑉𝑚𝑝

𝐽𝑠𝑐𝑉𝑜𝑐
 (6) 

The following equation calculates the Power Conversion Efficiency:   

𝑃𝐶𝐸 =
𝐽𝑠𝑐𝑉𝑜𝑐𝐹𝐹

𝑃𝑖𝑛
 (7) 

where 𝑃𝑖𝑛  Power input.  

The device area in this study is 6 mm2. The device was tested under 1.5 AM with 1 sun (W m2⁄ ).   

 

Experimental Method 

     Materials 

The p-type: n-type material blend for the active layer in this experiment is P3HT:PCBM (Fig. 

1(a) and (b)). This type of blend is widely studied and has become a standard model in the 

research field of organic solar cells [9]. On the other hand, three kinds of HSL (Fig. 1(c), (d), 

and (e)), namely PEDOT:PSS (polymer), V2O5 (Oxides), and Spiro-OMeTAD (small 

molecules), were incorporated separately in each device to form ohmic contact as well as 

blocking layer for the generated electrons from the active layer. 

 
(a) 

 
(b) 

 
(c) 
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(d) 

 
(e) 

Figure 1. Chemical structure of: (a) P3HT, (b) PCBM, (c) PEDOT:PSS, (d) V2O5, and (e) Spiro-
OMeTAD. The chemical structures in the figure are generated by ChemDraw Website [31]. 

 
     Device structure 

The HSL and the active layer were sandwiched between Al and ITO. The transparent ITO 

becomes the top electrode and faces the light source. Photons (green wavy arrow in Figure 2) 

transmitted to and generated electrons and holes in the active layer from the top. The 

electrons and holes were collected in the ITO and Al electrodes. The thickness of HSL and the 

active layer will be studied. The Thickness of both ITO and Al electrodes was set to 100 nm. 

ITO electrodes were chosen due to the transparency, while Al electrodes were chosen due to 

the shallow energy level and the ability to form ohmic contact without interlayer. 

 
Figure 2. The device structure of the single-junction OSC device in this research. 

 
     Strategy to find efficient layer thickness 

An efficient layer thickness combination is a combination of active layer and HSL, which gives 

the highest PCE. The combination was scanned by the major and followed by the minor scan. 

At first, PEDOT:PSS was set as HSL. The major scan was (1) the thickness of the HSL was kept 

at 50 nm, and the thickness of the active layer was varied by: 50, 100, 150, 200, 250, 300, 350, 

400, 450, 500, 550, and 600 nm. All results were saved in the spreadsheet. (2) the same steps 

were applied for the following HSL thickness: 50, 100, 150, 200, 250, and 300 nm. (3) the PCE 

data was then graphed to see the trend. The values of the effective thickness range will appear 

at around the highest PCE. The thickness range was marked by gray color.  



 Indonesian Physical Review. 5(2): 116-129 

121 
 

The minor scan was the next step to find the more effective thickness combination by 
scanning the previous effective range (gray color) at 10 nm. The same procedure was applied 
to V2O5 and Spiro-OMeOTAD for HSL. 

Result and Discussion 

The results are presented separately depending on the type of HSL used. Therefore, 

"PEDOT:PSS device" is a term to refer to the device in which PEDOT:PSS was used as HSL 

material. Other terms are V2O5 and Spiro-OMeTAD devices.   

     PEDOT:PSS Device 

Figure 3 was generated from the simulation data with PEDOT:PSS as an HSL and P3HT:PCBM 

as an active layer. The active layer thickness and PCE are presented on the x and y-axis, while 

the colored graphs are related to HSL film thickness. A higher PCE value represents a more 

efficient film thickness combination. The figure has major and minor scan clusters, represented 

by square plot – dashed line and circle plot – solid line, respectively. The major scan is scanning 

maximum PCE with a 50 nm – interval for HSL and active layer thickness, and the thickness 

range is 50-600 nm for the active layer and 50-300 nm for the HSL. The minor scan is scanning 

maximum PCE with a 10 nm – interval for both HSL and active layer. The thickness range for 

the minor scan depends on the HSL materials. 

In the major scan, all graphs have fairly the same trend. The value of PCE goes up and down 

before and after 200 nm. Therefore, the maximum PCE for each HSL thickness lies between 

150-250 nm (a gray area in Fig. 3). On the other hand, a thinner layer of HSL seems to produce 

a more efficient device. Therefore, maximum PCE appears to come from the thickness of the 

active layer, less than 50 nm. 

Based on the previous explanation, the range for the minor scan is 150-250 nm for the active 

layer and 10-50 nm for the HSL. In the minor scan, all graphs seem to follow the same trend. 

The PCE goes up and down before and after 230 nm except for 10 nm – thick HSL (red-colored). 

The red-colored graph has the maximum PCE when the thickness of the active layer is 220 nm. 

Therefore, a 10 nm HSL and 220 nm active layer is the most efficient combination based on 

Fig. 3 with the PCE value of 5.21%. This value is higher than the 4.63% PCE from the default 

setting of the software with 220 nm – active layer and 10 nm - HSL. 



     P-ISSN : 2615-1278, E-ISSN : 2614-7904  

122 
 

 

Figure 3: Efficient PEDOT:PSS and the active layer thickness. 

     V2O5 Device 

The graphing figure to scan the efficient thickness combination of V2O5 as HSL material and 

P3HT:PCBM as the active layer is presented in Figure 4. The x and y-axis are the Thickness of 

the active layer and PCE, respectively, while the colored graphs are the thickness of HSL. The 

major and minor scans were presented as the square plot – dashed line and circle plot – solid 

line, respectively. 

It is difficult to say that there is a trend between the major scan graphs since the distances are 

significant. However, it is safe to say that the efficient thickness would be at a 200 – 300 nm 

thick active layer (a gray area in Fig. 6). On the other hand, efficient thickness for the HSL 

would be at a range lower than 50 nm. Therefore, the minor scan was applied at 200-300 nm 

for the active layer and 10-50 nm for the HSL. 

In the minor scan, there is no similar shape between the graphs. However, the thinner HSL is 

better for getting higher PCE. For example, in the thinnest HSL (red-colored), the maximum 

PCE is yielded from 230 nm – active layer thickness. Therefore, the efficient thickness 

combination is 10 nm HSL and 230 nm active layer with the PCE value of 4.14%. This value is 

higher than 0.67%-PCE from the original setting of the software with 220 nm – active layer and 

100 nm - HSL. 
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Figure 4: Efficient V2O5 and the active layer thickness. 

 

     Spiro-OMeTAD Device 

Figure 5 shows the graphs to find an efficient thickness combination of Spiro-OMeTAD as HSL 

and P3HT:PCBM as an active layer to produce a maximum value of PCE. The x and y-axis are 

the Thickness of the active layer and PCE, respectively, while the colored graphs are the 

Thickness of HSL. The major and minor scans were presented as the square plot – dashed line 

and circle plot – solid line, respectively. 

In the major scan, every graph reasonably follows the same trend where the value of PVE goes 

up and down with a 250 nm – thick active layer as a peak. Therefore the maximum PCE is 200-

300 nm active layer. On the other hand, thinner HSL seems favorable to producing higher PCE. 

Therefore, the efficient HSL thickness should be around 10-50 nm.  

The range for the minor scan is 200-300 nm for the active layer and 10-50 nm for the HSL. In 

the minor scan, all graphs follow the same trend where 230 nm – active layer thickness is a 

peak except for the 10 nm – HSL thickness graph (red-colored). In the red graph, the maximum 

value of PCE is formed by 220 nm – active layer thickness. Therefore, the efficient thickness 

combination is 10 nm HSL and 220 nm active layer with a PCE value of 5.22%. This value is 

higher than 4.92% PCE from the original setting of the software with 220 nm – active layer and 

100 nm – HSL. 
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Figure 5: Efficient Spiro-OMeTAD and the active layer thickness. 

 

     Comparison Between Devices 

Table 2 shows a scanning comparison between devices. The major scan for all combinations is 

the same but not for the minor scan. This minor scan result is a peak that corresponds to the 

effective layer thickness and maximum PCE. The effective HSL thickness for all devices is the 

same. However, the effective active layer thicknesses are the same for PEDOT:PSS and Spiro-

OMeTAD devices and slightly less effective for V2O5 devices.    

The effective Thickness of all HSL is 10 nm of all HSL. This value is considerably thin in the 

research field and the lowest range. This phenomenon might have come from the transparency 

of the HSL layer since this layer is on the active layer (see Fig. 2). The light from the source 

passed the ITO and HSL before it reached the active layer. Therefore, thin HSL is favorable for 

producing better PCE. 

The software's default layer thickness for P3HT:PCBM active material is 220 nm. This value is 

valid for PEDOT:PSS and Spiro-OMeTAD devices but not V2O5 devices. The best PCE value 

for the V2O5 device comes from 230 nm-thick active material. From this difference, it can be 

concluded that the default thickness setting from the software is not always the best. It is due 

to the device's performance related to the active and interlayer layers. Therefore, different 

materials combinations might have different outcomes, and the scanning thickness 

combination process is necessary to find maximum PCE.   

The best PCE in Table 2 are from PEDOT:PSS and Spiro-OMeTAD devices. Both have 220 nm 

– active layer thickness and yield the exact value of 5.2% PCE. The same value of PCE some 

from the value of photogenerated current (Figure 6 and Table 3). However, the scanning figure 

between the two have different characteristics (see Figures 3 and 5). These differences might 
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come from the optical characteristics between the two. For example, figure 7 shows the largest 

bandgap of Spiro-OMeTAD among three HSL materials, which correspond to the better light 

transmission [23]. However, there is a slight difference in the HOMO level of Spiro-OMeTAD 

and the active layer. This small energy barrier might hinder the Spiro-OMeTAD device from 

having the best PCE. 

As expected, the highest 5.22% PCE in this experiment is higher than the previously reported 

value with the P3HT:PCBM active layer by using the same device structure (4.5% [20], 4.59% 

[21], 4.35% [22]). Even though some references also use electron selective layer (ESL), the 

values are still lower than PCE in this experiment (5.02% [23], 5.14% [24], 5% [25], 5.03% [26], 

3.9% [27]). From these comparisons, it can be concluded that the scanning process is needed 

to attain maximum PCE and get the best thickness combination of active layer and HSL. 

Table 2: Scanning comparisons 

Materials for HSL Minor scan (nm) Effective Thickness (nm) Maximum 
PCE (%) HSL Active Layer HSL Active Layer 

PEDOT:PSS 10 – 50 150 – 250 10 220 5.21 

V2O5 10 – 50 200 – 300 10 230 4.14 

Spiro-OMeTAD 10 – 50 200 – 300 10 220 5.22 

 

 

Figure 6: J-V characteristics from the simulation by using adequate film thickness for each device 

Table 3: Solar cell parameter comparisons 

Materials for HSL 𝐉𝐒𝐂 𝐕𝐎𝐂 FF PCE (%) 
PEDOT:PSS -128.756 0.607592 0.6663 5.21 

V2O5 -103.3256 0.600358 0.667763 4.14 

Spiro-OMeTAD -128.8917 0.607615 0.666138 5.22 
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Figure 7: Energy level comparison between materials. Gpvdm generated this image with energy level 

values from previous experiments [32]–[35] except for the software's active layer. 

Conclusion 

This research proves that using a larger range of thickness combinations is necessary to find 

better PCEs. The thickness combination of the active layer and HSL was scanned with a major 

scan followed by a minor scan. From these scans, the best thickness combination of the active 

layer and HSL was marked by the highest value of PCE. The best PCEs are 5.21, 4.14, and 

5.22% for PEDOT:PSS, V2O5, and Spiro-OMeTAD devices, respectively. Those PCEs were 

generated from 10 nm as the effective Thickness of HSL, while the effective thickness of the 

active layer is 220 nm (for PEDOT:PSS and Spiro-OMeTAD devices) and 230 nm (for V2O5 

device). Each device gives a higher PCE than that from the original setting of the software. The 

PCE in this study was also higher than that previously reported. These results prove that 

scanning a larger range of layer thickness combinations is necessary to find the highest PCE 

for every OSC device. 

This study is limited to single junction OSC by using only HSL as an interlayer (without ESL). 

However, this study shows the importance of scanning thickness combinations in a larger 

range to produce the highest possible PCE. The scan was represented in a 2D graph using PCE, 

HSL thickness, and active layer thickness. Further study is necessary for scanning the best 

combination of the active layer, HSL, and ESL (four parameters) by using better data 

visualization. 
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