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Nanoparticles of Cu2ZnSnS4 as performance
enhancing additives for organic field-effect
transistors†

Punarja Kevin,a Mohammad Azad Malik,b Paul O’Brien,ab Joseph Cameron,c

Rupert G. D. Taylor,c Neil J. Findlay,c Anto R. Inigoc and Peter J. Skabara*c

The addition of oleylamine coated Cu2ZnSnS4 (CZTS) nanoparticles to solutions of an organic semiconductor

used to fabricate organic field-effect transistors (OFETs) has been investigated. The oligothiophene-based

small molecule 5T-TTF and the polymer poly(3-hexylthiophene) (P3HT) were each applied in the transistors

with various concentrations of CZTS (5–20%). Atomic force microscopy (AFM) was applied to characterise the

surface morphology of the OFETs. The use of 5 and 10 wt% of the CZTS nanoparticles in 5T-TTF and P3HT

solutions, respectively, appears to be a simple and effective way of improving OFET performance.

Introduction

Organic semiconductors are low cost materials for organic electronic

devices, such as organic field-effect transistors (OFETs), which

utilise small molecules1–3 or polymers4–6 to achieve high charge

carrier mobilities in excess of 40 cm2 V�1 s�1.7 However,

attempts have been made to improve the charge carrier mobility

of OFETs by providing more effective pathways for charge

transport by using materials such as graphene,8,9 which acts as

an electrically conducting bridge between domains in composites

comprising of mainly P3HT. This led to an increased mobility with

increase in the composition of graphene, showing highly stable

transfer characteristics, a highest hole mobility of 1.82 cm2 V�1 s�1

and a moderately high ION/IOFF ratio of 104.9 Similarly, carbon

nanotubes (CNTs)10–12 have been used in OFETs and have

produced a 60-fold increase in the effective mobility of the

starting semiconducting material with a minor decrease of the

ION/IOFF current ratio.12 In a separate study, the addition of

CNTs at a concentration of up to 10 wt%, led to a 10-fold

improvement in field-effect mobility in P3HT OFETs.11 The use

of inorganic nanomaterials in OFET devices is under-explored

and yet there is a vast array of such materials with broadly

varying properties to choose from. Kesterites such as Cu2ZnSnS4
(CZTS) have attracted considerable recent interest13–17 because

they are composed of elements that are earth abundant, of low

toxicity and hence relatively environmentally benign. In addition to

their good absorption characteristics, such as broad absorption

spectra and tunable band gaps, kesterite nanoparticles exhibit good

charge transport and have been used in devices such as FETs with

good performance.15,18 These materials are therefore exciting

potential additives for improving the transistor characteristics of

organic semiconductors in OFETs, as well as in organic solar cells

and organic layers (hole and electron transport layers) of perovskite

solar cells.

In this work we demonstrate that oleylamine coated CZTS

nanoparticles, used in low concentration, can be used as an

additive in organic semiconductor solutions for the enhancement

of charge carrier mobility in OFET devices. Often nanoparticles

are processed in a ligand-exchange solution, with the long ligands

of the nanoparticles exchanged for shorter ligands such as

butylamine,19 ethanedithiol20 or benzenedithiol21 in order to

reduce the distance between particles. However, in this study we

show that the kesterite nanoparticles capped with long ligands

can be used to improve the performance of transistor devices.

The simple addition of these nanoparticles to organic semi-

conductor solutions reduces the need for complex processing

techniques or toxic ligands normally required.

Synthesis of CZTS nanoparticles

The compounds [Cu(S2CNEt2)2] (1), [Zn(S2CNEt2)2] (2) and

[nBu2Sn(S2CNEt2)2] (3) were synthesised as reported in the

literature.22–25 The CZTS nanocrystals were synthesised, under

dry nitrogen atmosphere, using a Schlenk line by amodification of a

published procedure.27 In a typical synthesis, 20 ml oleylamine was

heated to 90 1C and purged under N2. The complexes were used as

follows: 1.0 g (2.8 mmol) of [Cu(S2CNEt2)2], 0.50 g (1.4 mmol) of
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[Zn(S2CNEt2)2] and 0.73 g (1.4 mmol) of [nBu2Sn(S2CNEt2)2]

were mixed and ground in a mortar and pestle, and then added

to the hot degassed oleylamine. The temperature of the solution

was then raised to the processing temperature: 180, 220 or

250 1C. This temperature was maintained for 1 hour. The

nanocrystals were precipitated by dispersing in methanol and

were centrifuged for 5–10 min at 4000 rpm. The supernatant was

discarded and the nanocrystals were redispersed in hexane. The

precipitation and dispersion steps were repeated several times to

remove excess oleylamine. Finally, the nanocrystals were stored

for later use by dispersing in hexane or dried and kept under N2.

The nanoparticles appear to be stable for more than six months.

Nanoparticle characterisation

The nanoparticles were characterised using p-XRD, TEM, HRTEM,

UV-vis absorption spectroscopy and photoluminescence spectro-

scopy. The X-ray diffraction (XRD) studies were performed on a

Bruker AXSD8 diffractometer using CuKa radiation. The samples

weremounted flat and scanned between 201 and 801 in a step size of

0.051. Nanoparticles in hexane were deposited on 400 mesh copper

Formvar/carbon grids for TEM work. TEM images were collected on

a Technai T20 microscope using an accelerating voltage of 300 kV.

STEM imaging and energy dispersive X-ray (EDX) spectrum imaging

were performed using a probe side aberration corrected Titan

ChemiSTEM instrument operated at 200 kV with a probe current

of B440 pA. The nanoscale elemental map images were analysed

using Aztec software. TEM images were analysed by Gatan Digital

Micrograph software. The XPS spectra were collected using a Kratos

Axis Ultra in the School of Materials in the University of Manchester.

OFET fabrication

Organic field-effect transistors were fabricated on SiO2 substrates

with prefabricated interdigitated Au source-drain channels with

lengths of 2.5, 5, 10 and 20 mm and width of 1 cm. N-doped Si

and SiO2 were the gate electrode and gate dielectric materials,

respectively. The substrates were cleaned using water, acetone

and ethanol before being treated in UV-ozone for 30 seconds.

A pentafluorobenzenethiol (PFBT) self-assembled monolayer

(SAM) was prepared by drop-casting a solution of PFBT

(10 mM in ethanol) onto the substrate. After 1 min, the residual

PFBT was then washed away with ethanol and the substrate was

dried over a stream of compressed air. Similarly, an octadecyl-

trichlorosilane (OTS) SAM was prepared by drop-casting an OTS

solution (13 mM in toluene) onto the substrate which was

washed with toluene and dried after 1 minute.

The conditions for the fabrication of OFETs using 4,40,6,60-

tetrakis(30-hexyl-50-methyl-[2,20-bithiophen]-5-yl)-2,20-bithieno[3,4-d]-

[1,3]dithiolylidene (5T-TTF) were the same as those previously

reported26 with the addition of differing amounts of CZTS as

the only variable. All OFETs fabricated using P3HT were made

using PFBT and OTS SAMs by spin-coating a 5 mgml�1 solution

of the polymer at 2000 rpm with varying amounts of CZTS onto

the substrate and annealing at 150 1C. Every OFET fabricated

was spin-coated from a solution which had been subjected to

ultra-sonication for 20 minutes.

Current–voltage characteristics were recorded using a Keithley

4200 semiconductor characterisation system at room temperature

in a nitrogen filled glove box where oxygen and water levels

were maintained below 0.1 ppm. The field-effect mobilities

were determined from the saturation regime and calculated

using the following equation:

msat ¼
2L

WCi

�
@

ffiffiffiffiffiffiffi

IDS

p

@VGS

� �2

where IDS is the drain current, msat is the saturation carrier mobility,

VGS is the gate voltage, L is the channel length, W is the channel

width and Ci is the capacitance per unit area of the insulator

material. The mobility values reported were calculated from the

average mobility of six devices and the standard deviation (s) is

shown for the OFETs fabricated. The surface morphologies of the

OFETs were characterised using a Dimension 3100 atomic force

microscope (AFM) in tapping mode.

Results and discussion
CZTS nanoparticles

The synthesis of CZTS nanoparticles was previously carried out

using a mixture of [Cu(S2CNEt2)2] (1), [Zn(S2CNEt2)2] (2) and

[Sn(S2CNEt2)4] (4) in octadecene and oleic acid, followed by

injection into oleylamine.27 Herein we report a method using

[nBu2Sn(S2CNEt2)2] (3) in place of [Sn(S2CNEt2)4] (4) in oleylamine.

The reported decomposition temperatures of copper, zinc and

tin diethyldithiocarbamates (1), (2) and (4)27 are 220 1C (1),

240 1C (2), and 174 1C (4),18,24,27 which may have led to

premature decomposition/over-incorporation of tin due to the

lower decomposition temperature of the [Sn(S2CNEt2)4]. In our

studies, thermogravimetric analysis (TGA) of the complexes (1),

(2) and (3) (Fig. S3, ESI†), showed more compatible and sharp

Fig. 1 The p-XRD patterns of CZTS nanoparticles synthesised at 220 1C

for 1 hour. The reference patterns are of kesterite CZTS (ICDD: 04-015-0223).

The TEM images showed hexagonal particles with an average size of 10� 2 nm.

The high resolution TEM (HRTEM) images shown in Fig. 2a and b, exhibit clear

lattice fringes with measured d-spacing of ca. 0.313(1) nm corresponding to the

(112) lattice plane of the kesteritic CZTS structure (Fig. 2c). The elemental

composition of the CZTS nanocrystals was determined by energy dispersive

X-ray spectroscopy (EDX), which gave a Cu/Zn/Sn/S composition (atomic%) of

Cu (28.43%), Zn (11.38%), Sn (12.85%) and S (47.34%).
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decomposition starting at 284 1C (1), 303 1C (2) and 300 1C (3),

all leading to their corresponding metal sulphides. The mid-point

of each decomposition is within 5 1C of 330 1C. These TGA results

for complexes (1), (2) and (3) match well with our previous

reports.28 The difference in the decomposition temperatures

between this work and earlier reports may be due to the method

of reporting or experimental differences.

The p-XRD pattern (Fig. 1) of the sample prepared at 220 1C

for 1 hour shows main peaks at d-spacings of: 3.14, 2.73, 1.92,

1.64, 1.35, 69.34 and 1.24 for the (112), (200), (204), (312), (400)

and (316) spacings of kesterite CZTS (ICDD: 04-015-0223).24 The

p-XRD patterns of samples formed at other temperatures are

shown in the ESI† (Fig. S1).

The stoichiometry of the material is Cu2.5Zn1Sn1.1S4, which is

slightly Cu rich (however Cu grids were used for the TEM). Fig. 2d

shows the selected area elemental map for the nanoparticles

synthesised at 220 1C; it shows a uniform distribution of the

elements in the entire area of analysis.

The valence state of the elements in the nanoparticles

synthesised at 220 1C were determined by XPS (Fig. 3); binding

energies were as follows: Zn 2p3/2, 1017 eV; Cu 2p3/2, 926 eV;

Cu 2p1/2, 947 eV; Sn 3d5/2, 480 eV; Sn 3d3/2, 491 eV; S 2p3/2,

156 eV; S 2p1/2 158 eV. The values are commensurate with the

valence states Cu(I), Sn(IV), Zn(I) and S2�.25

Organic field-effect transistors

The details of OFET fabrication using both 5T-TTF and P3HT

organic semiconductors are given in the experimental section.

The results for OFETs fabricated using 5T-TTF are summarised

below in Table 1. OFETs fabricated using only 5T-TTF show an

average hole mobility of 9.5 � 10�3 cm2 V�1 s�1, which is

similar to that determined previously.26 The output and trans-

fer characteristics for the devices tested are shown below in

Fig. 4a and b. The current response is increased (Fig. 4c) for the

OFET fabricated using 5 wt% CZTS and the hole mobility

calculated is 0.016 cm2 V�1 s�1, a 68% increase with respect

to the device fabricated using pristine 5T-TTF. The ION/IOFF
ratio remains the same for both devices. When the nanoparticle

concentration is increased, there is no saturation observed in

the output graph. In order to investigate the OFET performance

further, AFM was used in tapping mode to characterise the

surface morphology of the different devices; these images are

Fig. 2 (a) and (b) are the HRTEM images, (c) the diffraction patterns and

(d) the elemental map of CZTS nanoparticles synthesised at 220 1C. The

scale bar shown for the elemental map is ca. 50 nm.

Fig. 3 High resolution XPS spectra of CZTS nanoparticles synthesised at

220 1C.

Table 1 Data for OFETs fabricated from 5T-TTF with various concentra-

tions of CZTS nanoparticles

Compound VTh (V)
ON/OFF
ratio

Average mhole

(cm2 V�1 s�1) smhole

5T-TTF �13 103 9.5 � 10�3 5.8 �10�3

5T-TTF + 1% CZTS �17 103 8.5 � 10�3 3.8 �10�3

5T-TTF + 2.5% CZTS �17 103 8.3 � 10�3 4.6 �10�3

5T-TTF + 5% CZTS �15 103 0.016 4.6 � 10�3

5T-TTF + 10% CZTS — — —
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shown in Fig. 5. The surface of the OFET fabricated using

5T-TTF is comparable to the image of the surface from the

previously fabricated device.26 Surprisingly, despite the increased

roughness of the surface of the device fabricated with 5 wt% CZTS,

compared to the pristine organic film, the hole mobility is higher.

As the concentration of CZTS is increased to 10%, there is a

significant change in morphology with the 5T-TTF domains being

broken up. The emergence of a number of gaps in the film explains

the poor performance for this device.

The behaviour of the OFETs fabricated using P3HT and

CZTS is slightly different to those from 5T-TTF and the device

data for each OFET are summarised in Table 2. The output and

transfer characteristics for the OFET fabricated using P3HT

without any additives are shown in Fig. 6a and b. The average

hole mobility calculated for P3HT is 0.041 cm2 V�1 s�1 and in a

similar trend to the 5T-TTF OFET, when 5 wt% CZTS is added to

the solution used for OFET fabrication there is an increase in

the mobility. The output and transfer graphs for this device

are shown in Fig. 6c and d. The calculated hole mobility

(0.053 cm2 V�1 s�1) is 29% higher than the OFET fabricated

without any nanoparticles. However, unlike the oligomer based

OFETs where 10% CZTS led to a deterioration in performance,

OFETs fabricated with P3HT and 10% CZTS (Fig. 6e and f)

showed a further increase in charge carrier mobility, with the

Fig. 4 (a) and (b) show the output and transfer characteristics for an OFET fabricated using 5T-TTF; (c) and (d) are the output and transfer characteristics

for an OFET fabricated with 5T-TTF + 5% CZTS.

Fig. 5 AFM images of OFETs fabricated from 5T-TTF (left), 5T-TTF + 5% CZTS (centre) and 5T-TTF + 10% CZTS (right)

Table 2 Results for fabricated OFETs from P3HT with various concentra-

tions of CZTS

Compound VTh (V)
ON/OFF
ratio

Average mhole

(cm2 V�1 s�1) smhole

P3HT �8 102 0.041 0.015
P3HT + 5% CZTS �9 102 0.053 0.012
P3HT + 10% CZTS �10 102 0.088 0.013
P3HT + 15% CZTS �10 102 0.037 9.6 � 10�3

P3HT + 20% CZTS �10 102 0.033 0.016
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average mobility calculated as 0.088 cm2 V�1 s�1, a 115%

increase compared to the value for the device fabricated using

only the polymer. In contrast, a further increase in nanoparticle

concentration to 15% or 20% shows charge carrier mobilities

only slightly lower than the OFET fabricated with a neat P3HT

film, showing that performance is not enhanced by the addition

of higher concentrations of nanoparticles.

The AFM images for P3HT devices are shown in Fig. 7 and

give a clear trend. The device fabricated using neat P3HT shows

a number of polymer aggregates on the surface. As 5 wt% CZTS

is added to the solution, the resulting device still shows P3HT

aggregates, but overall there are fewer of these domains. There

is a further reduction in the surface roughness as the CZTS

concentration is increased to 10% and there appears to be a

significant decrease in the size of the P3HT aggregates. The

domain sizes are slightly larger when the concentration is

increased to 15% CZTS and the surface roughness also increases,

but the aggregates are smaller than those present in the neat

polymer film. This suggests that, although the P3HT aggregates

are being broken up in films formed from 15% and 20% CZTS

solutions, charge transport is inhibited by the increased nano-

particle concentration and therefore leads to a charge carrier

mobility that is slightly reduced with respect to OFETs fabricated

using P3HT. It is worth noting that the OFET performance does

not tail off as significantly as when the CZTS concentration is

increased for 5T-TTF containing OFETs.

Finally, in an attempt to determine if the nanoparticles or the

oleylamine ligands are responsible for the improved performance,

P3HT OFETs were fabricated using 5% v/v and 10% v/v oleylamine.

The output and transfer characteristics for each of these OFETs are

shown in the ESI† (Fig. S2). The addition of 5% oleylamine leads to

a severely reduced mobility (mh = 2.83 � 10�3 cm2 V�1 s�1) and

Fig. 6 Output and transfer characteristics (left and right columns, respectively), for OFETs fabricated using neat P3HT [(a) and (b)], P3HT + 5% CZTS

[(c) and (d)], and P3HT + 10% CZTS [(e) and (f)].
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although this is improved with 10% oleylamine (mh = 6.07 �
10�3 cm2 V�1 s�1), the performance of both devices is considerably

poorer than any of the devices fabricated using P3HT and CZTS.

This would suggest that the nanoparticles are responsible for

improving the OFET performance rather than the long oleylamine

ligands.

Conclusion

CZTS nanoparticles have been used as additives for the fabrication of

solution-processed OFETs. The nanoparticle composites (5% CZTS)

with 5T-TTF had a hole mobility 68% higher than devices using only

the oligomer, whilst 10% addition to P3HT devices led to a hole

mobility more than double (115% increase) that of the OFET with

neat P3HT. The additives are inexpensive and environmentally

benign, which suggests that they have potential for the improvement

of OFETs. Reports on applications of inorganic nanoparticles in

OFETs are sparse in the literature and have been limited mainly to

their use as nanocomposites in gate dielectric layers.29–31 Zinc oxide

nanoparticles have been used in polyfluorene composites for light-

emitting field effect transistors,32whilst Q-ZnO has been applied as a

component in a hybrid OFET bilayer device fabricated with P3HT as

the organic film.33 Blends of P3HT and CdSe have been studied in

OFETs34 and also in organic photovoltaics devices.35 However, the

mechanism of charge transport in these composites is not well

understood. It has been shown by low temperature light-induced

electron spin resonance studies that the morphology of P3HT

changes in the presence of CdSe nanoparticles34 and that charge

transfer between the two components only takes place efficiently if

the CdSe capping ligand is removed. In OFETs, however, the

structure of the capping ligand in P3HT/CdSe composites influences

the value of themobility.35 This begs the question whether or not the

inorganic nanoparticles in hybrid OFETs change the characteristics

of the device as a function of morphology or if the role of the

inorganic material is more complex. It is perhaps more intuitive to

assume the former and our work clearly shows that morphology

changes with different loadings of CZTS nanoparticles. However, an

in-depth study needs to be conducted to elucidate the full role of

CZTS in composites. One would expect that the inclusion of

nanoparticles into pristine molecular (5T-TTF) and polymeric

(P3HT) materials would disrupt long-range order and affect charge

transport detrimentally, and remarkably we see an enhancement of

hole mobility upon the application of CZTS nanoparticles. One

possible explanation is that the inorganic material reduces the

density of traps in the organic layer and this has been seen in the

case of MEH-PPV/ZnO blends.36
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Fig. 7 AFM images for OFETs fabricated using P3HT (top, left), P3HT + 5%CZTS (top, centre), P3HT + 10%CZTS (top, right), P3HT + 15% CZTS (bottom, left)

and P3HT + 20% CZTS (bottom, right).
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