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Abstract
The present study was carried out to investigate the thin film properties of poly (3-hexylthiophene) (P3HT) coupled with 
graphene oxide (GO) using different spectroscopic techniques. The X-ray diffraction spectrum of GO/P3HT revealed a 
highly crystalline reflection of GO which is slightly shifted to higher diffraction angles as evidence of interaction with P3HT. 
Fourier transform infrared confirmed the alteration of P3HT structure upon interaction with GO by the increase in average 
conjugation length. The reflectance spectrum of GO/P3HT has an observable decrease in percentage reflectance, leading to 
an enhancement of light absorption. The fluorescent decay curves revealed a decline in exciton lifetime depicting quicker 
charge transfer, which decreased the exciton diffusion length. Our findings suggest that GO can be the hole transport material 
in organic solar cells.

Introduction

Currently, photovoltaic (PV) devices are a more viable and 
promising non-polluting way of generating electricity with 
the potential to replace conventional fossil fuels. The use of 
graphene has grown for the past decade as a superstar nano-
material for tackling energy challenges [1]. It is widely used 
i.e. field-effect transistors (FETs), transparent electrodes 
(TEs) and optoelectronic devices [2, 3]. It possesses remark-
able characteristics like high specific surface area (theoreti-
cally 2630  m2/g for single-layer-layer graphene), electron 
transport capabilities and extraordinary electronic properties 
as well as high thermal conductivity (~ 5000  Wm−1  K−1) 
[3, 4]. This, in turn, gave graphene derivatives i.e. GO and 
reduced graphene oxide (rGO) tremendous attention owing 
to shared properties [5, 6]. The most crucial factors to be 
considered for proficient OSC devices include strong optical 
absorption, semitransparency, flexibility and the energy gap 
between the highest occupied molecular orbital (HOMO) 
and lowest unoccupied molecular orbital (LUMO) [7, 8]. 
The increase in optical absorption capacity and the reduction 

in band gap  (Eg) energy help to enhance solar light harvest-
ing. Moreover, luminescence characteristics provide valu-
able optical information such as charge mobility, lifetime 
kinetics and carrier recombination [9]. Luminescent mate-
rials absorb light in a particular spectral region, store it as 
energy and re-emit it over time by matching the response 
of an OSC device thereby improving the absorption and 
increasing the efficiency [10].

GO’s ability to form composites with semiconducting 
polymers produces excellent optical properties and alleviates 
efficient charge transfer with reduced recombination losses. 
The ionic interaction between nanomaterials and organic 
conjugated polymers improves optoelectronic properties 
making it well-suited for OSC applications. The properties 
of GO nanostructures rely mainly on physical and chemical 
methods wherein the top-down and bottom-up approaches 
for preparation are followed [6]. GO has been achieved using 
microwave [11], mechanical exfoliation from graphite [12] 
and chemical exfoliation also called Hummer’s method [13]. 
Mechanical exfoliation is an easy method, although the yield 
is quite small, it is difficult to obtain high-quality industrial 
production. Hummer’s method is the top-down approach 
used in this study because of the benefits like cost-effec-
tiveness, big scale and high yield. It improves the dispersion 
stability of the produced GO and is environmentally friendly, 
with no surface flaws [4].

GO has been widely studied for functionalisation using 
conjugated polymers based on π–π* interactions between 
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them [14]. The oxygen-containing functional groups in GO 
i.e. hydroxyl (–OH), carboxylic (-COOH), epoxy (C–O–C) 
etc.) facilitate chemical functionalisation and bring solubil-
ity for film production through solution processes such as 
layer-by-layer self-assembling [14, 15]. However, function-
alization of GO with most polymers presents challenges such 
as aggregation and poor compatibility due to strong van der 
Waals forces which reduce their surface energy [16]. Defects 
and oxygen-containing functional groups primarily act as 
charge carrier traps, obstructing efficient charge transporta-
tion and increasing charge recombination rates [17]. Fur-
thermore, carbon atoms of GO are chemically stable result-
ing in weak interactions which do not provide efficient load 
transfer across the interface [18]. To achieve good optical 
properties, it is deemed important to functionalize the sur-
face of GO. It is widely known that P3HT-derived thiophene 
derivatives are high-hole mobility materials with substantial 
electron delocalisation along the chemical backbone. Thus, 
fine-tuning the work function (WF) of GO by incorporat-
ing P3HT can improve optical properties, and photovoltaic 
parameters of OSC devices due to increased charge carrier 
mobility [19].

To tackle the limitations, GO and P3HT have been 
used to grow thin films to improve optical properties. The 
present work reports on interface interaction between GO 
and P3HT using spectroscopic techniques. GO is used as 
the hole transport layer to modify the interface and extract 
photogenerated charges thus minimising recombination. 
These findings clarify the nature of the interaction between 
GO and P3HT and create perspectives for OSCs.

Material and methods

Materials preparation and deposition

The graphite powder (99%), potassium permanganate 
 (KMnO4) (98%), sulphuric acid  (H2SO4) (98%), hydrogen 
peroxide  (H2O2) (30%), phosphoric acid  (H3PO4), 
chlorobenzene (99%) and P3HT (99%), respectively, were 
purchased from Sigma Aldrich (South Africa) and were used 
as received without additional purification. The amorphous 
soda-lime non-conducting glass substrates with dimensions 
20 × 20 × 2 mm purchased from the Laboratory Consumable 
Company in South Africa were used for the deposition of 
thin films. It was preferred owing to its amorphous nature, 
low heat and chemical resistance allowing the deposition 
of materials without any interactions that would lead to a 
common fermi level.

GO sheets were prepared using the modified Hummers 
method [20]. To create a 5% concentration solution, 
P3HT was dispersed in chlorobenzene. The solution was 
agitated for 10 min on a magnetic hot plate with an ambient 

temperature of 80  °C. The temperature was lowered to 
50 °C, while the solution was constantly stirred for 1 h, then 
cooled at room temperature. The resulting orange suspension 
was used to grow thin films. The 20 × 20 × 2 mm soda-lime 
glass substrates were cleaned inside an ultrasonic bath 
sequentially using acetone, ethanol and deionized (DI) water 
for 10 min each. The substrates were then dried at 50℃ in 
an oven followed by UV-ozone treatment for 5 min before 
spin-coating. A micropipette was used to extract 50 μl of 
GO and P3HT solution for spin-coating. GO solution was 
spin-coated at 1400 rpm for 1 min on a glass substrate, while 
P3HT solution was spin-coated at 800 rpm for 50 s on a bare 
glass substrate and a GO-coated substrate. After coating, the 
P3HT and GO/P3HT thin films were soft annealed for 5 min 
at 100 °C on a hot plate to remove residual solvents.

Materials characterization

The crystalline phases were identified using a Rigaku Smart 
Lab XRD with CuKα (1.5418 Å) radiation. The Fourier 
transform infrared (FTIR) spectra were acquired using a 
SHIMADZU-IRTracer-100 PerkinElmer spectrometer with a 
resolution of 4.0  cm−1 and 10 scans. The optical studies were 
conducted by a PerkinElmer Lambda spectrometer, model 
1050 UV/VIS/NIR. The time-resolved photoluminescence 
(TRPL) was probed using a 400 nm pulsed laser and the 
response was captured using time-correlated single photon 
counting (TCSPC), Model: F980 methodology, Edinburgh 
Instrument. The instrument response function (IRF) 
was < 100 ps.

Results and discussion

XRD analysis

The XRD diffractograms of thin films are presented in 
Fig. 1. The pristine P3HT possesses two diffraction peaks 
at positions ~ 5.8° and ~ 21° comparable to (100) and (010) 
orientations of the P3HT polymer with interlayer spacing 
formed by parallel stacks of main chains [21]. The (100) dif-
fraction corresponds to the a-axis orientation pointing in the 
direction of the alkyl chains and the (010) is relatable to the 
π-stacking direction of the polymer backbones consisting of 
poly-thiophene called b-axis [22, 23]. The presence of these 
peaks indicates the crystallinity of the polymer within the 
lamella structure of thiophene rings in P3HT [24]. Several 
research groups indicated that P3HT has a semicrystalline 
structure (i.e. amorphous and crystalline) with the crystal-
line consisting of planar backbones stacked on top of each 
other [25, 26].

The (001) diffraction peak of GO in GO/P3HT thin film 
nanocomposite is not noticeable at ~ 11° owing to the small 
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concentration used. It is evident through (010) diffraction 
that GO reduced the crystallinity of P3HT. Moreover, the 
graphitic defects during functionalization with GO slightly 
shifted those diffraction peaks to lower angles due to the 
increase in interlayer spacing. Monika et al. investigated 
the effect of GO on PEDOT:PSS conducting polymers and 
witnessed a shift to the lower diffraction angle when incor-
porating GO [27].

FTIR analysis

The linkage at the interface of GO/P3HT was analysed 
using FTIR as shown in Fig. 2. P3HT presents primary 
bands ~ 2960, ~ 2925 and ~ 2855  cm−1 symbolic of aliphatic 
C-H stretching of P3HT. The absorption band at ~ 2960  cm−1 

corresponds to the -CH3 asymmetry stretch vibration, while 
bands at ~ 2925 and ~ 2855 represent -CH2 stretch vibra-
tion [25]. The spectra further show a band at ~ 1462  cm−1 
related to the bending vibration of the C-H bond and the 
band at ~ 1510  cm−1 is associated with asymmetric C = C 
ring stretching vibrations. The ~ 1378  cm−1 C-H vibration 
band may be due to partial decomposition of the thiophene 
[28]. Detailed evaluation of GO/P3HT reveals the emer-
gence of vibrational bands at ~ 3372, ~ 3194 and ~ 1081  cm−1 
which are characteristic of contribution from GO. The C-O 
stretching vibration at ~ 1081  cm−1 affirms the existence of 
oxide functional groups [29]. The GO/P3HT reveals a band 
at ~ 1648  cm−1 associated with amide carbonyl stretching 
mode also called Amide I vibrational stretch v(C = O) [30]. 
These variations indicate that interactions between GO and 
P3HT lead to the derivatization of the edge carboxyl and 
surface hydroxyl functional groups via the formation of 
amides [29]. The vibration band at ~ 821  cm−1 corresponds 
to aromatic out-of-plain vibration, and it is characteristic of 
(3-hexylthiophene) which indicates the structure of P3HT 
contains rr-P3HT chains [14]. The band at ~ 721  cm−1 rep-
resents methyl rock mode and the  CH3 rocking vibration.

The structural alteration was examined using the ratio 
of peaks  (I1510/I1462) from which the average conjugation 
length of P3HT increased as the ratio decreased from ~ 1.20 
to ~ 1.12 for GO/P3HT. According to Fuentes-Perez et al. 
[31], the intensity ratio of the C = C symmetric ring stretch-
ing to the C = C asymmetric ring stretching  (Isym/Iasym) is 
declarative of the conjugation length in the polymer back-
bone and the smaller values of the ratio  Isym/Iasym correspond 
to greater conjugation. They reported reduced conjugation 
length of P3HT upon incorporating  Fe3O4 and  Fe3O4@
ZnFe2O4 nanocomposites in the polymer matrix. However, 

Fig. 1  The XRD patterns of P3HT and GO/P3HT thin films

Fig. 2  FTIR spectra of P3HT 
and GO/P3HT thin films
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we attained an increased conjugation length corresponding 
to the reordering of the polymer backbone. The conjuga-
tion length increase supports the XRD results whereby an 
increase in interlayer spacing was witnessed. Kaur et al. 
reported a similar substantial reduction in the intensity of 
prominent bands while modifying P3HT using swift heavy 
ions [32]. In accord, the intensity ratio was reduced from 7.4 
to 6.9 and 5.9 and they ascribed it to the increase in conjuga-
tion length. According to Shyam et al. [33], blending an opti-
mum amount of exfoliated  C3N5 sheets into the P3HT matrix 
improves the molecular ordering, and structural coherence 
thereby extending the π-conjugation length in the hybrid thin 
film and producing excellent device performance.

UV/VIS/NIR analysis

Figure 3 shows the reflectance spectra of the thin films. 
P3HT has an absorption edge below 600 nm with the high-
est % reflectance of ~ 97%. The absorption edge of GO/
P3HT is redshifted in association with sufficiently increased 
chain motion, which indicates an increase in the crystalline 
ordering that caused the stabilization of the P3HT chains 
[34]. Li et al. [35] ascribed the redshift to enhancement of 
the light absorption capability of P3HT upon interaction 
with GO. Other researchers noticed no remarkable differ-
ence when incorporating GO in a polyaniline hybrid sys-
tem (PANI-base-GOX) except for the redshift in absorp-
tion peaks due to the interaction which indicates a decrease 
in an optical  Eg for the composite films [36]. In another 
study, a 2 to 3% decrease in % transmittance was recorded 
in PEDOT:PSS:GO composite thin film due to the absorp-
tion of GO [37]. For GO/P3HT, the absorption band is a 
bit stronger symbolized by a decrease in % reflectance. 
The observed stronger absorption is attributed to the π-π* 
transition at the GO/P3HT interface [38]. This is due to the 

improvement in the chain segments’ effective conjugation 
lengths in the P3HT backbone, which more closely localizes 
the exciton wave function and raises its energy [39]. The 
undertaken interaction is linked to inter-chain order (a rise 
in P3HT chains’ disorder), which improves absorption [40]. 
Ren et al. [41] associated the stronger vibronic absorption 
of P3HT:5CB nanocomposite with the enhanced conjuga-
tion length of the backbone. The nanocomposite compris-
ing few-layered graphene (FLG) with P3HT (P3HT/FLG) 
demonstrated the improvement in light absorption favouring 
electronic transitions graphene adds and facilitating charge 
mobility while reducing potential barrier [42]. They noted 
that FLG tends to increase  Eg by 0.1 eV and improve energy 
conversion efficiency due to improved exciton dissociation 
as a known effect of electron acceptors.

TRPL analysis

The TCSPC photoluminescence decays of thin films 
acquired at an excitation wavelength of 400  nm while 
monitoring emission at 600 nm are shown in Fig. 4. The 
fluorescence decay of the films was analysed by fitting data 
to a third-order exponential function shown in Eq. (1) [43] 
from the instrument analysis software:

where I(t) is the fluorescence intensity at time t, I0 is the 
initial fluorescence intensity, and � represents a lifetime.

The decay curve of P3HT showed an exciton lifetime 
of ~ 0.872 ns from un-adhered P3HT molecules. GO/P3HT 
revealed a shorter lifetime of ~ 0.635 ns. The reduction 
in the lifetime indicates exciton dissociation before emis-
sion thus promoting faster charge transfer. The shortened 

(1)I(t) = I
o
e
−(t∕�1) + I

o
e
−(t∕�2) + I

o
e
−(t∕�3),

Fig. 3  Diffuse reflectance spectra of P3HT and GO/P3HT thin films Fig. 4  PL decay curves of P3HT and GO/P3HT thin films
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lifetime is assigned to the existence of an extra non-radia-
tive decay pathway due to charge transfer [44]. This agrees 
with the results of Zheng et al. [45]. Our results corrobo-
rated the findings of Ren et al. [46], who noticed more 
rapid fluorescence decay of P3HT/graphene insinuating 
direct charge transfer at the interface resulting in higher 
photocurrent of polymer solar cells. GO as a charge carrier 
extractor in g-C3N4 electrospun on polyvinyl difluoride 
(PVDF) increased the average lifetime of photogen-
erated charge carriers from 4.63 to 5.2 ns associated with 
improved electron–hole separation efficiency. [47]. The 
PL decay kinetics conducted on GO-PANI produced an 
increased lifetime from 2.1 to 3.0 ns due to the more effec-
tive interaction of GO moiety with PANI through func-
tional groups [48]. From the obtained lifetime, we esti-
mated the exciton diffusion length of the thin films using 
Eq. (2) to get more insight into their conformation [49]:

where τ is the exciton lifetime and D is the diffusion constant 
( D = 1.8 × 10

−7
m

2.s−1 ). The diffusion lengths are ~ 12.5 
and ~ 10.7 nm for P3HT and GO/P3HT, respectively.

Conclusion

It was feasible to generate P3HT and GO/P3HT thin films 
using a spin coater. We discovered that the structural, and 
optical features of P3HT were affected during interaction 
with GO. FTIR confirmed the interaction via the prevalence 
of oxygen-containing groups and the reduction of C-H 
bands. The observed redshift denotes the improvement of 
light absorption. The reduced lifetime of GO/P3HT suggests 
that the photoinduced charge transfer took place at the 
interface. This charge transfer symbolised by the fast decay 
of GO/P3HT is highly favoured for efficient OSCs.
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