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Abstract 

 
This work deals with the study on the optical absorption and photoluminescence spectra of a p-type organic semiconducting 

polymer, regioregular poly 3-hexylthiophene-2,5-diyl (P3HT) and the absorption spectra of an n-type fullerene-based 

small-gap fullerene-ethyl nipecotate (Fullerene-EN) and a non-fullerene-based polynaphthalene bithiophene (N2200) 

semiconducting materials. The band gap of P3HT, N2200, and small-gap fullerene-ethyl nipecotate are 2.42, 1.65, and 

1.51 eV, respectively, calculated from experimental results through the Tauc equation. Active layers with blends of P3HT 

and small-gap fullerene-ethyl nipecotate and P3HT and N2200 have been used to fabricate bulk heterojunction (BHJ) 

structures. The P3HT:N2200 BHJ structure follows the current density versus voltage characteristics of a photovoltaic 

device with 0.28% power conversion efficiency, 1.58 mA/cm2 short-circuit current density, and 41% fill factor. However, 

the P3HT:small-gap fullerene-ethyl nipecotate structure does not show any photovoltaic J–V characteristics. 
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Introduction 
 

Organic materials have become very popular in the field 

of organic electronics since the discovery of conducting 

polyacetylene around November 1976. The conductivities 

in π-conjugated (hydrocarbon chains with alternate 

single and double bonds) organic semiconducting 

materials can be regulated by doping. Alan J. Heeger, 

Alan MacDiarmid, and Hideki Shirakawa were awarded 

with the Nobel Prize in Chemistry in 2000 for their 

discovery and development of these semiconducting 

polymers [1, 2]. Organic conjugated materials are also 

known as organic semiconducting materials because of 

their delocalized π-molecular orbitals. These π electrons 

are responsible for the semiconducting properties of 

these polymers. Due to their efficient charge transport 

and improved electroluminescent properties, these 

materials have been successfully used in many organic 

and hybrid electronic devices, such as organic light-

emitting diodes, organic photovoltaics (OPVs), and 

organic field-effect transistors. In the field of organic 

electronics, poly(3-hexylthiophene-2,5-diyl) (P3HT) and 

poly(9,9-dioctylfluorene-alt-benzothiadiazole) are used 

as p-type donor materials. However, small-gap fullerene-

ethyl nipecotate, fullerene-based phenyl-C61-butyric 

acid methyl ester (PCBM), and non-fullerene-based 

polynaphthalene-bithiophene (N2200) are the n-type 

acceptor materials. The molecular and supramolecular 

structures, band-gap energy, and semiconducting 

properties of these organic materials have become 

fundamental subjects over the past years [3-5]. Recently, 

researchers have studied the N2200 polymer to build 

efficient photoactive layers in bulk heterojunction (BHJ) 

solar cells with different donor polymers [6-9]. However, 

the literature reports that the electron mobility in solar 

cell devices increases with the use of the N2200 polymer 

as the donor along with fullerene derivatives as electron 

acceptor schemes [10]. Moreover, the maximum power 

conversion efficiency (PCE) exceeded 18% with the use 

of non-fullerene as acceptors in OPVs [11, 12]. 

 

The energy difference between the lower edge of the 

conduction band and the upper edge of the valence band 

is known as the band gap or band-gap energy of the 

material. In the case of organic materials, the energy gap 

signifies the energy difference between the highest 

occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO). These HOMO 

and LUMO energy levels are influenced by the molecular 

alignment and packing of materials. The conduction 

properties of organic semiconductors depend on the 

energy gap. The energy gap of organic π-conjugated 

semiconductors depends on the electronic band structure, 

pressure, and temperature [13, 14]. The band gap 
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calculation is very important for determining the 

electrical conductivity of solids and is extremely 

important in organic electronics to fabricate organic 

devices. The PCEs of photovoltaic cells fabricated with 

pure conjugated organic polymers are typically 10−3%–

10−2% [15-17], which are too low to be used in solar cell 

applications. The discovery of photo-induced electron 

transfer in the combinations of conducting polymers as 

donors (p-type) and buckminsterfullerene (C60) and its 

derivatives as acceptors (n-type) offers a molecular 

approach to an efficient photovoltaic power conversion 

[18, 19]. In 1995, the concept of the BHJ was first 

introduced. The journey of organic polymers begun with 

the blend of the polymer:acceptor. The blend of poly(3-

hexylthiophene-2, 5-diyl) (P3HT) with [6,6]-phenyl-C61 

butyric acid methyl ester (PCBM) had been widely 

studied for polymer:fullerene photovoltaic since the 

introduction of the BHJ structure [20]. This is because of 

the larger interfacial area in the BHJ devices than in the 

planar heterojunction, which leads to a higher short 

circuit current (Isc). The PCE of the solution-processed 

organic solar cells using polymer acceptors is 17% [21, 

22], which is very close to the maximum PCE of organic 

solar cells based on non-fullerene acceptors [23–26]. 

 

P3HT and PCBM exhibit a PCE of approximately 11% 

and have become promising materials [18]. Efficient 

device performance in organic BHJ solar cells can be 

obtained by introducing appropriate contact electrodes 

[27–29]. Researchers have suggested that buffer layers 

with some important modifications in BHJ, such as 

tuning the work function of the electrodes, improving the 

selectivity toward holes or electrons, and improving 

device stability, may enhance the device performance 

[30]. For P3HT:PCBM-based BHJ solar cells, a thin film 

(~nm) of lithium fluoride (LiF) is used as a cathode 

buffer layer with an Al cathode contact. Bathocuproine 

(BCP), a high-band-gap material, is also used as a hole-

blocking or electron-transporting cathode buffer layer with 

the cathode contact to enhance the device performance. 

These contact layers improve the solar cell device 

parameters, such as the short-circuit current density (Jsc), 

open-circuit voltage (Voc), and overall PCE [31]. 

 

In this work, the optical absorption spectra and optical 

band gap of P3HT, N2200, and small-gap fullerene-ethyl 

nipecotate were experimentally investigated in a 

chloroform solvent using UV–vis absorption spectroscopy. 

The band gaps of these materials were calculated using 

the Tauc equation. We presented a schematic diagram of 

a solar cell device structure to visualize the working 

principle of a solar cell and fabricated two solar cell 

devices with the P3HT:N2200 and P3HT:small-gap 

fullerene-ethyl nipecotate BHJ structures. The current 

density vs. voltage (J–V) characteristics of the devices 

were observed. The results found that the short-circuit 

current and open-circuit voltage condition exists only for 

the P3HT:N2200 BHJ structure. Therefore, the solar cell 

device parameters for the P3HT:N2200 BHJ structure 

were evaluated. 

Experimental 

Materials and methods. Indium tin oxide (ITO)-coated 

glass substrates with 25 mm × 25 mm × 1.1 mm and 12–

15 Ω/sq surface resistivity were purchased from 

Luminescence Technology, Corp., Taiwan. Regioregular 

P3HT (MW ~ 50,000–1000,000 g/mol), small-gap 

fullerene-ethyl nipecotate (MW ~ 2100 g/mol), and BCP 

(MW ~ 360.45 g/mol) were purchased from Sigma-

Aldrich and were used without any further modification. 

N2200 was used as received from Organic 

Optoelectronic Materials Laboratory, Department of 

Chemistry, Korea University. The hole injecting material 

poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

(PEDOT:PSS) and cathode materials LiF and aluminum 

wire (99.9999% purity) were used from Organic 

Electronics Laboratory, Indian Institute of Technology 

Guwahati (IITG), India. The chemical structure of the 

materials used in this research is shown in Figure 1. 

 

UV–vis absorption and photoluminescence (PL) measure-

ments were taken using a UV–vis spectrophotometer 

(Shimadzu, UV-1800 PC) and spectrofluorophotometer 

(Shimadzu RF-5301 PC), respectively. The thin film of 

PEDOT:PSS and blend polymer solution on the top of the 

ITO substrate were fabricated outside and inside the 

glovebox, respectively, using a Laurell and Spin 150 

spin-coater. The J–V characteristics of the devices were 

characterized using a Keithley-2400 digital source meter 

with a Newport Oriel Sol3A solar simulator, connected 

to an air mass 1.5 G filter at Organic Electronics 

Laboratory at IITG. The bulk heterojunction solar cell 

device structures are presented in Figure 2. 
 

 
 

Figure 1. Schematic Representation of (a) P3HT, (b) Small-gap Fullerene-ethyl Nipecotate (Fullerene-EN), (c) N2200 Polymer, 

and (d) Bathocuproine 
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Figure 2. Schematic of the Fabricated (a) P3HT:N2200 and (b) P3HT:Fullerene-EN-based Bulk Heterojunction Organic Solar 

Cell 

 

 

Sample preparation and device fabrication. For UV–

vis absorption and PL spectra, 0.025 mg/ml of P3HT 

polymer solutions were prepared in a chloroform solvent 

at 26 ℃ temperature. In a similar way, individual 

solutions of N2200 and small-gap fullerene-ethyl 

nipecotate (Fullerene-EN) were prepared for the optical 

absorption study. The ITO-coated glass substrates were 

then sequentially cleaned in an ultrasonic cleaner in a 

soap solution, deionized water, acetone, and isopropanol 

solvent for a good fabrication. The substrates were dried 

under argon atmosphere, and then UV/ozone treatment 

was performed for approximately 20 min. Afterward, for 

PEDOT:PSS, the hole-injection buffer layer was spin-

coated at 3000 rpm for 60 s on the top of ITO and dried 

at 120 ℃ for 30 min in an argon atmosphere. The blend 

of the P3HT:Fullerene-EN and P3HT:N2200 solutions 

with weight ratios of 1:0.6 and 1:1 was prepared in 1,2-

dichlorobenzene (o-DCB) and chloroform solvent, 

respectively, and stirred for 48 h at 60 ℃ inside the glove 

box. The blend solutions were filtered with a 0.45μm 

PTFE filter and instantly spun over the PEDOT:PSS 

buffer layer. Approximately, 101 nm thin film of LiF/Al 

(LiF = 1 nm and Al = 100 nm) and ~108 nm thin film of 

BCP/Al (BCP = 8 nm and Al = 100 nm) cathode 

electrodes were thermally evaporated under a base 

pressure of ~10−6 mbar through a shadow mask. The 

active area of these fabricated devices was ~6 mm². The 

two structures of the fabricated devices are Device 1 (D1) 

and Device 2 (D2): 

 

D1: ITO/PEDOT:PSS/P3HT:N2200 (1:1)/BCP/Al 

D2: ITO/PEDOT:PSS/P3HT:Fullerene-EN (1:0.6)/LiF/Al 

Results and Discussions 

UV−vis and PL analysis. Figure 3(a) shows the 

absorption spectra of the P3HT (donor polymer), 

Fullerene-EN (acceptor material), and N2200 (acceptor 

polymer) in the solution state as a function of energy 

(eV). There are two absorption peaks with energies of 

2.76 and 4.65 eV at the visible and UV ranges, 

respectively, which are attributed to the π–π* transition 

[32–35]. Singh et al. studied the UV–vis absorption 

spectrum of P3HT in a solution form [30]. They found an 

absorption peak at a wavelength of 455 nm or 2.73 eV, 

whereas Geng and his research team reported a maximum 

absorbance of the P3HT solution at a wavelength of 449 

nm or 2.76 eV [36]. They reported that these absorption 

peaks are due to the electronic transition from the HOMO 

to the LUMO of the P3HT polymer. A significant 

absorption was observed at the energy range of 1.5–5.0 

eV for the N2200 solution. The absorption spectrum of 

N2200 showed two absorption regions with energies of 

1.9 eV and 3.3 eV. The absorption peak at the lower 

energy (1.9 eV) is ascribed to the S0→S1 transition, 

which is mainly contributed by the HOMO→LUMO 

molecular orbital transition [37]. In addition, the 

absorbance maxima at an energy of 3.3 eV is 

characterized by the transition from the ground state (S0) 

to different singlet excited states. Zhang et al. studied the 

UV–vis absorption spectrum of N2200 polymers [38]. 

They reported that the absorption spectrum of N2200 

exhibits two absorption maxima at energies of 3.1 eV and 

1.8 eV, which are attributed to the π–π* and 

intramolecular charge transfer transitions, respectively. 

A similar work has been reported by Wen et al. in a 

chlorobenzene solution [37]. They reported that the 

absorption spectrum of N2200 exhibits two absorption 

maxima at energies of 3.18 eV and 1.77 eV. The 

absorption spectrum of Fullerene-EN did not show any 

distinct peak in the 1.5 eV–5.0 eV energy range, but it 

showed a rise from an energy of 1.5 eV–4.0 eV with a 

small bump at 4.5 eV and started to rapidly increase at 

higher energies. The onset of absorption signifies the 

band gap of the material, which is approximately 1.57 

eV. 

 

Figure 3(b) presents the normalized PL and absorption 

spectra of P3HT in the solution as a function of energy. 

The excitation wavelength for the PL spectrum was 450 

nm (2.76 eV), where the absorption is maximum. A PL 

intensity peak was observed at energy of 2.18 eV. The 

maximum PL intensity corresponds to the onset of the 

HOMO–LUMO transition of the P3HT polymer [39]. In 

other words, the energy of the emitted photon is almost 

equal to the energy gap of the two states (HOMO and 

LUMO), which is the energy gap of the material. A red-

shifted (0.57 eV) PL spectrum was also observed. This 
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finding confirmed that the energy of the emitted photon 

is lower than the absorbed energy by the P3HT polymer 

[40, 41]. Geng et al. also studied the PL spectrum of the 

P3HT solution with a maximum PL intensity at 568 nm 

or 2.18 eV [36]. 

 

Optical band gap calculation. According to the Beer–

Lambert law; the intensity of the transmitted light is 

given by 

 
leIlI  −= )(),( 0
,   (1) 

 

where )(0 I is the intensity of incident light with 

wavelength , ),( lI  is the transmitted intensity of the 

light traveling the optical path length l .The band-gap 

energies of the materials were calculated using the value 

of the absorption coefficient from the absorption 

spectra and Tauc plot method [42, 43]. Equation (1) turns 

into 

 

l

A

el

A
303.2

)log(
==

.     (2) 

 

The optical path length of the cuvette used in this 

measurement was 1 cm, so the absorption coefficient is 

)303.2( A= cm-1. Experimentally, “Tauc plot,” also 

known as “Tauc gap,” was used to calculate the band-gap 

energy of semiconductors with the Tauc equation [44, 

45] 

 

)()( g

n EhKh −= 
,   (3) 

 

where h is the photon energy, gE
 is the band-gap 

energy, and n represents the nature of transitions [46]. 

The absorption coefficient )303.2( A= cm-1 with 

absorbance “A” is a function of energy. For direct, direct 

forbidden, indirect, and indirect forbidden transitions, the 

value of n is 2, 2/3, 1/2, and 1/3, respectively [47, 48]. K is 

the energy independent coefficient, called a material 

constant. To determine the optical band-gap energy, 
nh )(   is plotted against h  obtained from the UV–vis 

absorption spectra. The extrapolation of the linear part of 

the graph to the abscissa determines the band-gap energy 

of the semiconducting materials. 

 

Figure 4(a) and 4(b) present the Tauc plot of 
2)( h  

versus photon energy ( h ) for P3HT and N2200. Figure 

4(c) is the Tauc plot of 
2/1)( h  versus photon energy 

( h ) for the small-gap fullerene-ethyl nipecotate. The 

band gap of P3HT, N2200, and Fullerene-EN were 2.42, 

1.65, and 1.51 eV, respectively, at 26 ℃ room 

temperature. Prasad et al. [49] and Anefnaf et al. [50] 

individually studied the UV–vis absorption spectroscopy 

of the P3HT thin film using chloroform and 

chlorobenzene solvents, respectively, and calculated the 

band gap of the P3HT film with 2.14 eV and 2.10 eV 

energies, respectively, using the Tauc equation. Gau et 

al. studied the UV–vis absorption spectra of N2200 in the 

solution and thin film [51]. They found a similar 

absorption profile for the solution and thin film state with 

a band-gap energy of 1.46 eV for the N2200 polymer. 

Similar results were obtained by Park et al. [52]. They 

reported that the band-gap energy of the N2200 polymer 

is 1.47 eV. Similarly, band-gap energy of 1.6 eV of the 

N2200 polymer was reported by Shinzaburo [53], where 

the absorption profile of this polymer is in good 

agreement to our experimental finding. 

 

 

 
 

Figure 3. (a) UV–vis Absorption Spectra of P3HT (Blue Line), Fullerene-EN (Black Line), and N2200 (Red Line); (b) Normal-

ized UV–vis Absorption and Photoluminescence Spectra of the P3HT Donor Polymer 

 

(a) (b) 
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Figure 4. Tauc Plot for the Band Gap Calculation of (a) P3HT, (b) N2200, and (c) Fullerene-EN 

 

 
 

Figure 5. Schematic Diagram of the Organic Photovoltaic Operations for the Photocurrent Generation: (a) Exciton Generation, 

(b) Exciton Dissociation Into Free Carriers, and (c) Carrier Transport and Extraction 

 

 
 

Figure 6. Current Density Versus Voltage (J–V) Characteristics of (a) ITO/PEDOT:PSS/P3HT:N2200 (1:1)/BCP/Al and (b) 

ITO/PEDOT:PSS/P3HT:Fullerene-EN (1:0.6)/LiF/Al 

 

 

Photovoltaic characterization. Figure 5 illustrates the 

general photovoltaic device operation of an organic solar 

cell. The behavior of a solar cell device is identical to that 

of normal diodes under no-illumination condition or dark 

condition [54]. Therefore, the J–V curve of the solar cell 

device follows the J–V characteristics of normal diodes 

before illumination. Figure 6 displays the J–V character-

istics of the P3HT:Fullerene-EN and P3HT:N2200 solu-

tion-based BHJ organic solar cell with weight ratios of 

1:0.6 and 1:1, introduced with LiF/Al and BCP/Al cath-

ode contacts, respectively. In the dark condition, D1 fol-

lows the J–V characteristics of a normal diode when the 
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external voltage is applied, as shown in Figure 6(a). 

However, in Figure 6(b), the curve does not follow such 

characteristics in the case of D2. The J–V curve in the 

dark condition became a straight line. This is because the 

fabricated BHJ structure with P3HT:Fullerene-EN is not 

so suitable for photovoltaic operations. The device be-

haves like ohmic material. After the illumination of light 

from the solar simulator, the current flow exponentially 

increased for D1 only. By contrast, a few amount of pho-

tocurrent increased for D2. This result is because the 

photo-generated exciton into the P3HT and Fullerene-EN 

interfaces did not efficiently dissociate to generate free 

charges. However, an efficient photoabsorption occurred 

in the P3HT polymer to generate photo excitons. The ex-

cited electrons returned toward the ground state for re-

combination. Efficient exciton dissociation will occur if 

the energy difference between ELUMO of P3HT and ELUMO 

of Fullerene-EN is greater than the exciton binding en-

ergy [55]. For an efficient exciton dissociation, the re-

quired donor–acceptor interface energy optimization 

condition is given by [18, 56-58] 

 

ExcitonEacceptorEdonorEE LUMOLUMOLUMO −= )()( ,    (4) 

 

where ExcitonE
 is the exciton binding energy. 

 

In a short-circuit condition, there is no photo-induced 

current density or short-circuit current density (JSC) 

generated by D2 as the device does not follow the 

photovoltaic operation. However, D1 with the 

ITO/PEDOT:PSS/P3HT:N2200 (1:1)/BCP/Al structure 

shows 0.28% maximum PCE, 41.0% fill factor (FF), 

1.58 mA/cm2 short-circuit current density (JSC), and 0.43 

V open circuit voltage (VOC). Yoshida et al. investigated 

the J–V characteristics of the P3HT:N2200 BHJ 

photovoltaic with the ITO/ZnO/P3HT:N2200/MoO3/Ag 

device structure [59]. They reported that the photovoltaic 

parameters are 0.196% maximum PCE, 48.95% FF, 0.66 

mA/cm2 short-circuit current density (JSC), and 0.60 V 

open-circuit voltage (VOC). A 0.82% maximum PCE with 

3.5 mA/cm2 JSC, 0.45 V VOC, and 0.52% FF were reported 

by Huajun Xu in a P3HT:N2200 dye-sensitized solar cell 

[60]. Shinzaburo et al. reported a 3 mA/cm2 short-circuit 

current density (JSC) of the P3HT:N2200 BHJ solar cell 

[53]. 

Conclusions 

In this paper, we report the experimentally observed 

photoabsorption energies of P3HT, N2200, and small-

gap fullerene-ethyl nipecotate using UV–vis absorption 

spectroscopy. The maximum photon absorbed by the 

P3HT polymer generates the maximum exciton. The 

experimental results from the UV–vis spectra were used 

to calculate the band-gap energy of the materials in the 

solution state. The band gaps of P3HT and N2200 

obtained in this study are in good agreement with those 

in the literature [50, 52, 53]. The interfaces between 

P3HT and N2200 and between P3HT and small-gap 

fullerene-ethyl nipecotate are of great importance 

because of the exciton dissociation or charge separation 

that takes place in the interface area. The fabricated 

ITO/PEDOT:PSS/P3HT:Fullerene-EN (1:0.6)/LiF/Al BHJ 

structure with small-gap fullerene-ethyl nipecotate is not 

suitable for photovoltaic operations. With the 

P3HT:N2200 blend, the BHJ structure follows the 

photovoltaic characteristics with 1.58 mA/cm2 short-

circuit current density (JSC). 
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