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Abstract. The influence of poly(o-toluidine) (POT) interlayer as a hole transporting layer (HTL) and iodine doping on

electrical properties of hybrid solar cells based on a mixture of didecyl-sexithiophène (2D6T) and nanostructured zinc

oxide as blend donor/acceptor-active layer have been investigated. The sexithiophene 2D6T was synthesized by a

chemical route through the oxidative coupling of the corresponding terthiophene derivatives, and the nanostructured ZnO

powders were prepared by a one-pot solution route at ambient conditions. A series of ITO/(2D6T: nanostructured ZnO)/Al

solar cells with and without POT interlayer were fabricated by successive deposition using the spin coating technic, and

they are completed by thermal evaporation of aluminium circular contacts on the active layer. The non-linear dark

current–voltage I(V) characteristics of these devices indicate a rectifying behaviour. The diode parameters were calculated

from I(V) characteristics using the modified Shockley equation and discussed. On the other hand, I(V) characteristics
measured under illumination are also presented, studied and compared. The short-circuit current (Isc) and open-circuit

voltage (Voc) of solar cells are improved by the incorporation of the HCl-doped POT thin films and by iodine doping,

provided that the iodine concentrations do not exceed 10%.

Keywords. Hybrid solar cells; sexithiophene; nanostructured zinc oxide; poly(o-toluidine); iodine doping.

1. Introduction

In the last few years, intrinsically conducting oligomers and

polymers were having significant consideration as a new

class of innovative functional materials. Many applications

in optoelectronic devices have been established based on

the unique properties of photoactivity, conductivity and

other physicochemical properties [1,2]. Among these oli-

gomers, oligothiophene has many advantages, for instance,

superior solubility and a monodispersity that cannot be

easily achieved by conducting polymers [3]. Sexithiophene

and its derivatives are inherently conducting small mole-

cules that have been extensively studied owing to their eco-

friendly stability and good processability [4,5]. Various

hybrid solar cells based on organic and inorganic materials

as electron donors and acceptors, respectively, have been

investigated [6,7]. In this context, hybrid organic solar cells

(OSCs), based on intrinsically conducting oligothiophene

and polythiophene as electron donor and zinc oxide as an

electron acceptor, have attracted a lot of attention because

of their interesting low cost, their flexibility, and their

moderate power conversion efficiency [6,8]. A considerable

impact of the dopant and the interlayer kind on the photo-

voltaic properties of hybrid solar cells has been reported by

several authors [9–12]. They reported that the electrical

properties are largely controlled by the doping method and

by the electron and/or hole transporting layer (HTL), and

they concluded that both processes make better the photo-

voltaic response. Though, to the best of our knowledge, no

such study has been conducted on the effects of iodine

doping and interfacing by poly(o-toluidine) (POT) on the

properties of hybrid solar cells based on oligothiophene and

nanostructured ZnO.

In the present study and continuation of our previous

work on organic electronic devices and on solar cells

[13,14], we report on the electronic properties of solar cells
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based on alkylated sexithiophene as electron donor and

nanostructured sol–gel zinc oxide as an electron acceptor.

And to understand the influence of the interfacing process,

we studied another structure with a p-doped POT as a hole

transporting layer (HTL). Besides, iodine doping with var-

ious amounts of iodine (I2) is carried out to examine the

impact of doping on the electronic and photovoltaic prop-

erties of solar cells thus fabricated. Considering these

results, the junction parameters and the photovoltaic

response of our devices were evaluated using the I–V
characteristics measured in the dark and under illumination,

analysed and compared. Accordingly, some information on

the effects of iodine doping and the interfacing process on

the photovoltaic response of our devices are discussed.

2. Experimental

The solar cells studied in this work are fabricated in a con-

ventional sandwich structure (ITO/HTL/active layer/Al), they

include an indium tin oxide (ITO) coated glass as a transparent

electrode, a HTL, a photoactive layer and aluminium elec-

trode. The ITO-coated glass substrates were ultrasound

cleaned in acetone and distilled water several times and sub-

sequently air-dried. The photoactive thin films consist of a

mixture of conjugated sexithiophene derivatives as electron

donor and nanostructured zinc oxide as an electron acceptor.

Doped POT thin films were used as an interfacial layer.

2.1 Materials

b,b0-didecyl-sexithiophène (2D6T) has been synthesized by

oxidative coupling of the corresponding tertiothiophene

derivatives according to the procedure described in refer-

ence [15]. Indeed, in the first step, we make the 3-de-

cylthiophene then, we elaborate the intermediate 30-decyl-
2,2,50,200-terthiophene using anhydrous copper (II) chloride

and butylithium. The nanostructured zinc oxide has been

prepared by a one-pot solution route used in our laboratory

[3]. In summary, the hierarchical ZnO nanosheets were

prepared by a precursor solution of zinc powder, nitric acid

and ethylene glycol. A sodium hydroxide, which acts as

precipitating agent, was added dropwise to the previous

precursor solution to obtain the desired nanostructured ZnO

powders. The obtained ZnO powder consists of several

interleaving (agglomerated) ZnO nanosheets [16]. The

chemicals synthesis by oxidation and doping process of the

POT, used in the present work as a HTL, have been defined

in detail in previous work [13].

2.2 Devices and electrical characterization

The HTL based on POT was deposited by spin coating

technic at 4000 rpm for 10 s on ITO-coated glass substrate.

Then the active layers based on a blend of sexithiophene

(2D6T) and nanostructured ZnO were deposited by the

following procedure; a primary solution is prepared by

dissolving 0.25 g of the 2D6T in 25 ml of chloroform. After

stirring, the solution was filtered to remove any undissolved

particles. In another beaker, 0.5 g of ZnO powders were

dispersed in 5 ml of methanol:chloroform (20:80) and then

stirred. The two last solutions are mixed with equal pro-

portions (2D6T:ZnO) and then spin-coated on ITO or ITO/

HTL at a speed of 1000 rpm for 1 mn. For iodine doping

study, another solution containing I2 powder (0.3g) in

100 ml of chloroform are mixed in various proportions (5%,

10%, 15%) with the last solution based on (2D6T:ZnO), and

then spin-coated on ITO/HTL at a speed of 1000 rpm for

1 mn. Finally, the device has been finalized by putting 1 mm

diameter circular aluminium on top of the devices. The

aluminium was deposited in a separate vacuum chamber by

thermal evaporation of 99.99% purity aluminium shots for

3 min at a base pressure of 1.5 9 10–5 mbar. The opto-

electronic junction properties of our structures were inves-

tigated by current–voltage (I–V) in the dark and under

illumination using an incandescent lamp (60 W). The

electrical measurements were performed on devices at room

temperature. The current–voltage characteristics were

measured via a Keithly 410 programmable picoampereme-

ter and a 610C programmable microvoltmeter. A computer

via a GPIB card controls all the instruments. The schematic

illustration of the studied device design is presented in

figure 1.

3. Results and discussion

3.1 Current–voltage characteristics of ITO/2D6T:ZnO/Al
device

The dark and light I(V) characteristics of the sandwich

device, ITO/2D6T:ZnO/Al, are presented in figure 2a. In the

dark, the (2D6: ZnO)/Al contact is rectifying, which con-

firmed by the asymmetric and nonlinear behaviour. This is

in good agreement with other work on Schottky diodes

based on sexithiophene [3,15]. The I(V) relations of this

device were further analysed to obtain junction parameters.

Indeed, the current transport across the ITO/2D6T:ZnO/Al

junction is usually accounted for based on thermionic

emission because this mechanism is found to be applicable

ITO

ACTIVE LAYER

Al
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INTERLAYER
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Figure 1. Schematic representation of solar cells configuration

without/with interlayer.
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in the exploited voltage range, as revealed by fitting this law

to experimental data [17,18]. In this context, the modified

Shockley model considering the series and shunt resistances

(Rs and Rsh, respectively) of the structure was used. It is

described by the next equation [17]:

I ¼ I0 exp
q V � RsIð Þ

gkT

� �
� 1

� �
þ V � RsI

Rsh

ð1Þ

where, I0 is the saturation current, q the elementary charge

(e), V the applied voltage, k the Boltzmann constant, g the

diode ideality factor and T the absolute temperature. As

illustrated in figure 1b, this model accounts well for the

experimental data over the explored voltage range in the

forward bias region. The calculated electronic parameters of

the metal/(2D6T:ZnO) junction are given in table 1. Instead,

the I–V characteristics measured under illumination shows a
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Figure 2. (a) Current–voltage characteristics of ITO/

(2D6T:ZnO)/Al measured in the dark (circle) and under illumina-

tion (line). (b) Experimental I(V) characteristic of ITO/(2D6T:ZnO
ns)/Al devices measured in the dark (circle) and fits (red line)

using equation (1) in the forward bias region.

Table 1. The electronic parameters of fabricated solar cells without/with POT interlayer.

The fabricated solar cells Voc (V) Isc (nA) I0 (A) Rsh (kX) Rs (kX) g

ITO/(2D6T:ZnOns)/Al 0.05 ± 0.50

9 10–03
3.75 ± 0.15 (1.59 ± 0.06)

9 10–10
4600.00 ± 378.03 235.00 ± 11.75 1.99 ± 0.03

ITO/POTdoped/(2D6T:ZnOns)/Al 0.04 ± 0.40

9 10-03
4.23 ± 0.17 (1.69 ± 0.07)

9 10–10
3900.00 ± 336.00 5.90 ± 1.04 1.95 ± 0.03
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Figure 3. Current–voltage characteristics of ITO/POT/

(2D6T:ZnO)/Al measured in the dark (circle) and under illumina-

tion (line). (b) Experimental I(V) characteristic of ITO/POT/

(2D6T:ZnO)/Al devices measured in the dark (circle) and fits (red

line) using equation (1) in the forward bias region.
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Figure 4. Current–voltage characteristics of ITO/POT-doped/

(DD6T:ZnOns:I2/Al measured in the dark (circle) and under illumination

(line) with various iodine concentrations of (a) 5, (b) 10% and (c) 15% of I2.
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photovoltaic activity. In fact, the ITO/2D6T:ZnO/Al opto-

electronic device presents a short-circuit current of 3.75 nA,

and an open-circuit voltage of 50 mV.

The deviation of ideality factor of ITO/2D6T:ZnO/Al

Schottky diodes from the ideal value and the weakness of

the photovoltaic response may be due to the following

effects [11–13,17].

• Recombination phenomenon in the acceptor/donor

interface.

• Existence of barrier inhomogeneities as well as the

reactive nature of Al contact.

3.2 Impact of a doped POT interlayer

One of the fundamental requirements for the efficient

operation of hybrid electronic devices is the process of

carrier injection/extraction between the electrodes and the

active layer. In this framework and based on our previous

work [13,14] on organic diodes based on POT, the electro-

optical properties of this polymer are interesting and are in a

major part controlled by the doping process. Hence, it can

be used to promote the transport of charge carriers in

optoelectronic devices. In this part, we insert an interfacial

layer between the active layer and the ITO transparent

conductive electrode. Figure 3a depicts the I(V) character-
istics of ITO/doped POT/2D6T:ZnO/Al photovoltaic devi-

ces measured in the dark and under illumination. By the

same method, the ideality factor (g), the saturation current

(I0), the series resistance (Rs) and the shunt resistance (Rsh)

are calculated from the fits of the experimental dark

I(V) characteristics (figure 3b) of the device and recapitu-

lated in table 1. A careful investigation of table 1 also

unveils an improvement of the photovoltaic response of this

cell that contains an interfacial layer based on POT doped

with HCl. This result is in a good agreement with those

described for organic photovoltaic cells incorporating

polyaniline as a hole injection layer [19,20]. Also, this

improvement can be justified by the increase of the

saturation current (I0) and by the decreasing of the ideality

factor (g) of the junction. The improvement of the photo-

voltaic response may be due to the raise of the hole injec-

tion from the blend active layer to the ITO electrode by

increasing the anode work function [17,21]. Therefore, this

doped POT can be used as an electron blocking layer and/or

holes transporting layer through the ITO electrode.

3.3 Iodine doping of ITO/doped POT/2D6T:ZnO/Al
devices

In the aim of enhancing the performance of solar cells, the

influence of iodine doping on the photovoltaic and elec-

tronic properties of the ITO/doped POT/2D6T:ZnO/Al

devices was studied. Indeed, we introduced different pro-

portions of iodine I2 (5%, 10% and 15%) in the active layer.

In figure 4a, b and c, we represent respectively the

I(V) characteristics measured in the dark and under the

illumination of ITO/POT/2D6T:ZnO:I2/Al devices with

various iodine concentrations 5, 10 and 15%. Once again,

the characteristic parameters of hybrid solar cells with

varied iodine doping concentrations are calculated from the

fits of the experimental dark I(V) characteristics (see

table 2). Figure 5a, b and c present the experimental

I(V) characteristics in the forward bias region measured in

the dark for 5, 10 and 15% of iodine doping and their fits

using the modified Shockley model (equation 1). It becomes

clear that the change of dopant concentrations has a sig-

nificant influence on the intrinsic parameter junctions (g, I0,
Rs and Rsh) and on the photovoltaic parameters (Isc, Voc) of

the fabricated devices. These variations can be explained by

the change of the carrier mobility in the POT interlayer

and/or the recombination phenomenon in the donor–

acceptor interface area (2D6T-ZnO) [9,19].

In the case of iodine doping in low proportions (5%), the

photocurrent has increased from 4.23 to 8.75 nA. This

maybe owing to the increase in the concentration of the

charge carriers (polaron, bipolaron) of the oligothiophene

(DD6T). This agrees with the research works on the

Table 2. Electronic parameters of solar cells with different iodine concentrations.

Fabricated solar

cells ITO/POT/

(2D6T:ZnO)/Al,

with: Voc (V) Isc (nA) I0 (A) Rsh (kX) Rs (kX) g

5% Iodine

concentration

0.03 ± 0.30 9 10–03 8.75 ± 0.35 (1.75 ± 0.07) 9 10–10 2600.00 ± 213.67 690.00 ± 34.50 2.50 ± 0.03

10% Iodine

concentration

0.27 ± 2.70 9 10–03 12.75 ± 0.51 (4.70 ± 0.19) 9 10–09 4620 ± 379.68 180.00 ± 9.00 4.98 ± 0.03

15% Iodine

concentration

0.04 ± 0.40 9 10–03 11.20 ± 0.45 (5.90 ± 0.24) 9 10–09 2800 ± 230.23 31.00 ± 1.56 3.10 ± 0.04
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Figure 5. Experimental I(V) characteristic of ITO/POT doped/

(DD6T:ZnOns:I2/Al measured in the dark (circle) and fits (red line)

using (equation 1) in the forward bias region with various iodine

concentrations of (a) 5, (b) 10% and (c) 15% of I2.
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electronic properties of doped small-molecule organic

semiconductors [17,22]. The doping by 15% iodine caused

the reduction in the photocurrent, this may be due to the

decrease in the conductivity in the oligomer (DD6T) and/or

in the POT.

Indeed, a high doping rate may increase the effect of the

steric hindrance, generated by the iodine ions, on the reg-

ularity of the conjugation and the geometry of the 2D6T

and/or POT interlayer [4,23]. The cell that integrates the

HCl-doped POT as an interfacial layer, and 10% iodine

concentrations in (2D6T:ZnO) active layer appears the best,

because it allows having a significant increase of short-

circuit current values from 4.23 to 12.75 nA and a

remarkable increase of the open-circuit voltage from 0.04 to

0.27 V.

4. Conclusions

The main idea of this study is to produce hybrid solar cells

based on alkylated sexithiophene as electron donors and

nanostructured ZnO as electron acceptors, and to study the

impact of iodine doping and the use of doped POT as HTL.

The POT-substituted sexithiophene and ZnO nanosheets

were easily synthesized by chemical methods. Also, the thin

films were easily deposited by spin coating technic.

Therefore, the sandwich devices ITO/2D6T:ZnO/Al, ITO/-

doped-POT/2D6T:ZnO/Al and ITO/doped POT/

2D6T:ZnO:I2 (5, 10 and 15%)/Al were fabricated. We can

recapitulate our finding results as follows:

• It has been noticed that the sandwich diodes have

asymmetric, non-ohmic rectifying characteristics and

the I(V) characteristics of all devices are fitted with

the modified Shockley equation to calculate the

parameters junction.

• The large value of ideality factor suggests the

existence of other transport mechanisms (bulk-lim-

ited current and/or trap-assisted tunnelling).

• It has been observed that the change of iodine-doping

concentration has significant influence on altering g,
I0, Rs, Rsh, Voc and Isc parameters.

• The cell that integrates the HCl-doped POT as

interfacial layer, and 10% iodine concentrations in

(2D6T:ZnO) active layer appears the best, because it

allows to have a remarkable short-circuit current and

open-circuit voltage.

References

[1] An S Y, Schon T B, McAllister B T and Seferos D S 2020

EcoMat. 2 2567

[2] Bengasi G, Desport S J, Baba K, Cosas Fernandes P J, De

Castro O, Heinze K et al 2020 RSC Adv. 10 7048

[3] ElMansouri A,Outzourhit A, Nkhaili L, Elkissani A, Hmeyene

M, Zazoui M et al 2018 J. Chem. Biol. Phys. Sci. 8 110

[4] Kim M, Yi M, Jang W, Kim J K and Wang D H 2020 Polym.
12 129

[5] Namivandi M N, Taherpour A A, Ghadermazi M and Jam-

shidi M 2021 J. Iran. Chem. Soc. 18 2271

[6] Kim J Y, Vincent P, Jang J, Jang M S, Choi M, Bae J H et al
2020 J. Alloys Compd. 813 152202

[7] Pandikumar A, Jothivenkatachalam K and Bhojanaa K 2019

(1st edn) John Wiley & Sons Inc.

[8] Kacimi R, Khouzami K, Abram T, Bejjit L, Bennani M N

and Bouachrine M 2020 Chem. Methodol. 4 203

[9] Bag A, Radhakrishnan R, Nekovei R and Jeyakumar R 2020

Sol. Energy. 196 177

[10] Yoon S, Cho J, Yu S H, Son H J and Chung D S 2016 Org.
Electron. 34 28

[11] Sultana J, Siddiqui S A, Afshan M, Ghosh R, Yadav S R,

Riyajuddin S K et al 2022 ACS Appl. Energy Mater. 5
3941

[12] Nadimi R, Tokimatsu K and Yoshikawa K 2017 Energy
Procedia 142 2959

[13] Elmansouri A, Outzourhit A, Lachkar A, Hadik N, Aboue-

laoualim A, Achour M E et al 2009 Synth. Met. 159 292

[14] El kissani A, Nkhaili L, Elmansouri A, Elyaagoubi M, El

Khalfi A, Elassali K, et al 2014 Spectrosc. Lett. 47 387

[15] Yassar A, Bennouna A, Khaı̈dar M, Ameziane E L, Horowitz

G, Delabouglise D et al 1992 J. Appl. Phys. 72 4873

[16] Outzourhit A, Ait Ali M and Elyaagoubi M 2011 Global J.
Phys. Chem. 2 222

[17] Cui Y, Hong L and Hou J 2020 ACS Appl. Mater. Interfaces.
12 38815

[18] Xiao G, Zheng G, Qiu M, Li Q, Li D and Ni M 2017 Appl.
Energy. 208 1318

[19] Al-Dainy G A, Watanabe F, Kannarpady G K, Ghosh A,

Berry B, Biris A S et al 2020 ACS Omega. 5 1887

[20] Bejbouji H, Vignau L, Miane J L, Dang M T, Oualim E M,

Harmouchi M et al 2010 Sol. Energy Mater. Sol. Cells 94
176

[21] Alkarsifi R, Avalos-Quiroz Y A, Perkhun P, Liu X, Fahlman

M, Bharwal A K et al 2021 Mater. Chem. Front. 5 418

[22] Tanaka K, Matsuura Y, Oshima Y, Yamabe T and Hotta S

1994 Synth. Met. 66 295

[23] Babaei Z, Rezaei B, Pisheh M K and Afshar-Taromi F 2020

Mater. Chem. Phys. 248 122879

Bull. Mater. Sci.          (2023) 46:165 Page 7 of 7   165 


	Experimental investigation of the impact of conducting polymer interlayer and iodine doping on the electronic properties of hybrid solar cells based on alkylated sexithiophene and nanostructured zinc oxide
	Abstract
	Introduction
	Experimental
	Materials
	Devices and electrical characterization

	Results and discussion
	Current--voltage characteristics of ITO/2D6T:ZnO/Al device
	Impact of a doped POT interlayer
	Iodine doping of ITO/doped POT/2D6T:ZnO/Al devices

	Conclusions
	References


