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Strain-Modulated Charge Transport in Flexible PbS
Nanocrystal Field-Effect Transistors

Mohamad Insan Nugraha, Hiroyuki Matsui, Shun Watanabe, Takayoshi Kubo,
Roger Hdiusermann, Satria Zulkarnaen Bisri, Mykhailo Sytnyk, Wolfgang Heiss,

Maria Antonietta Loi,* and Jun Takeya*

Extensive progresses in understanding charge carrier transport
in semiconducting colloidal nanocrystals (NCs) have provided
hope to exploit this class of materials for low-temperature pro-
cessed electronic and optoelectronic devices. Among many
types of NCs, lead chalcogenide (PbX; X = S, Se, Te) systems
are the most promising because they have large Bohr exciton
radius leading to strong quantum confinement, thus high
absorbance, and at the same time they allow easy synthetic
control of size and shape.'% In solution, these NCs are coated
with long-alkyl chain ligands, which maintain their structural
properties as well as give them solubility in most organic sol-
vents. Once deposited into solid films, these long ligands need
to be replaced with shorter ones to strengthen electronic cou-
pling as well as allow tunneling of charge carriers between
nanocrystals, thus improving film conductivity. Importantly,
this ligand exchange can be easily done either in solution phase
or in solid phase, both techniques are compatible with solution
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processable fabrication methods such as spin-coating, dip-
coating, ink-jet printing, etc.”-'? This solution processability,
combined with low temperature processing, opens up opportu-
nities to use this material to fabricate electronic and optoelec-
tronic devices on flexible plastic substrates.[314

As the active materials are deposited onto flexible substrates,
bending, folding, or stretching of the substrate is able to induce
mechanical strain on the active layer which influences the char-
acteristics of the fabricated devices. Recently, mechanical strain
effects have been intensively investigated on organic semicon-
ductor thin film transistors (TFT5).'>"'7) The application of
compressive strain on pentacene films has allowed improving
the film conductivity and carrier mobility in TFT devices as a
consequence of reduced molecular spacing. Oppositely, applied
strain produces increased spacing which leads to the decrease
in the carrier mobility.'!% The effect of mechanical strain
on lead chalcogenide NC devices, particularly in TFTs, is still
poorly investigated. As the bulk moduli of organic ligands has
been reported to be lower than the NC cores, the introduc-
tion of mechanical strain is expected to have a great impact
on the properties of the fabricated devices, with the potential
to improve charge mobility in this system.l'?% Therefore, the
effect of mechanical strain on the electrical properties of NC-
TFTs needs to be addressed to further understand their physical
properties as well as to strengthen the applicability of NCs for
diverse applications.

Here, we report a study of the effect of mechanical strain
on the electrical characteristics of PbS field-effect transistors
(FETs). As a gate dielectric, we use ion gel, which is able to accu-
mulate high carrier concentration leading to electron mobility
as high as 2.1 cm? V! s7%. Upon the application of compressive
strain, we observe improvement in the source—drain current,
which leads to an increase in the electron mobility up to 45% at
2% strain. This improvement is associated to the reduced bar-
rier length between NCs due to the bending of the crosslinking
ligands. In the opposite strain direction, we observe reduction
in the electron mobility which is an indication of the increase
of the NC distance. Interestingly, we find that the change in the
electron mobility is followed by the variation in the threshold
voltages of the devices depending on the direction of the strain.
The decreased threshold voltages as the compressive strain is
applied can be attributed to the increase of the transfer inte-
gral between the NC arrays, which results in a more efficient
trap filling, thus reducing carrier trapping. Meanwhile, the
increased carrier traps can be responsible for the increase of
the threshold voltages with the application of tensile strain. Fur-
thermore, the observed larger effect during the application of
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Figure 1. a) Device structure, b) photograph of PbS NC-FETs on flexible substrate, and schematic of ¢) compressive (bent downward) and d) tensile

strain (bent upward) applied on the devices.

tensile strain than that with compressive strain can be associ-
ated to the increase of the barrier potential due to the activation
of one or more ligand chains.

To perform strain effect measurement on the PbS films,
we fabricated FETs using polyethylene naphthalate (PEN) as a
substrate. As source—drain electrodes, we used bottom contact
Au with Cr as adhesive layer. The deposition of PbS films on
the PEN substrate was performed using spin-casting similarly
as previously reported.’?!] To improve the conductivity of the
semiconducting films, the long oleic acid ligands surrounding
the NC surfaces were replaced with short molecules, 1,2-ethan-
edithiol (EDT). Both PbS film deposition and the ligand
exchange process were done using sequential layer-by-layer
spin-coating procedure to ensure complete removal of the
long ligands. As gate dielectric, we utilized an ion gel derived
from mixing the ionic liquid 1-hexyl-3-methyl-imidazolium
bis(trifluoromethanesulfonyl)imide (HMIM-TFSI) with the
gelling polymer, poly(vinylidene fluoride-hexafluoropropylene)
(PVDF-HFP). This mixture allows us obtaining a solid gate die-
lectric which is easy to handle and suitable for electronic devices
fabricated on plastic substrate. In this work, the ion gel is used
to accumulate high carrier concentration at the dielectric/semi-
conductor interface, which can fill the carrier traps in the NCs.
In the past, our group has demonstrated ion gel-gated PbS NC-
FETs with electron mobility higher than 2 cm? V! §7112221 Ag a
gate electrode, a thin layer of Au was deposited on the top of the
ion gel film. The final configuration of the fabricated devices is
shown in Figure 1a. All the fabrication and measurements were
performed in a nitrogen-filled glove box.

The flexibility of the fabricated devices is displayed in the
photograph reported in Figure 1b. With this flexibility, we are
able to apply compressive and tensile strain on the devices,
continuously up to 2% without breaking the devices. The sche-
matic of how the compressive and tensile strain is applied is

wileyonlinelibrary.com
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shown in Figure 1c. To estimate the strain (€) applied on the
devices, we first calculate the radius of curvature (R) using the
following formulal?*%’]

l

d 1
2T o W

where h, I, and dl are the total thickness, the initial length, and
the change of length of the samples, respectively. The strain
can be simply estimated from & = (h/2R)100%.24%] The photo-
graphs of the samples during the strain measurements are
shown in Figure S1 of the Supporting Information. At first
we performed surface morphology characterization of the
PbS films after the application of the mechanical strain. The
atomic force microscopy (AFM) images shown in Figures S2
and S3 of the Supporting Information confirm that no cracks
are observed after applying compressive and tensile strain up
to 2%. The transfer characteristics of the devices in the pristine
condition (without strain) are shown in Figure 2a. The devices
show a small hysteresis (<1.3 V) in the transfer curves, indi-
cating that the ion gel provides good protection for the devices
against bias stress and an effective filling of the traps.?®! Impor-
tantly, the devices show clear current modulation with very
low operation voltage (<2 V), which is promising for future
low energy consuming solution processable electronic devices.
In the negative gate voltage, we observed a weak hole current,
since the hole current is much lower than the electron current
and quite close to the level of the gate leakage current; we only
investigated the strain effect on the electron transport.

The threshold voltage of the devices is as low as 0.9 V. The
capacitance of the ion gel (C;) is 2.7 uF cm™2 at 10 Hz, allowing
the very low operation voltage. The sweeping speed used for
the FET measurements was 100 mV s™L. The electron mobility

Adv. Electron. Mater. 2017, 3, 1600360
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Figure 2. a) Ip—V transfer characteristics and b) Ip—Vp output characteristics of PbS NC-FETs with HMIM-TFSI ion gel on PEN substrate.

(1) was extracted from the linear regime, using the following
equation

L 3l
H=Wweva av,

(2)

where Vg, W, and L are source—drain voltage, channel width,
and channel length. The channel length of the devices was
designed to be 150 um to minimize the effect of contact resist-
ance. Moreover, a channel width of 70 um was used to avoid
localized surface morphology defects formed during film depo-
sition as well as during ligand exchange, which may obscure
the effect of the mechanical strain. Using Equation (2), we
extracted linear electron mobility as high as 2.1 cm? V! s7L.
To our knowledge, this is the highest mobility value reported
in PbS NC-FETs on flexible substrate (Table 1). In addition,
the output characteristics shown in Figure 2b indicate that the
devices do not show any contact limitation at low drain voltage.
Moreover, the clear saturation profiles confirm that the fabri-
cated FETs are well performing.

Figure 3a presents the transfer characteristics of the devices
under several static compressive strains. We applied compres-
sive strain starting from 0.75% up to 2% with the interval
of 0.25%. Upon the application of compressive strain, we
observed an improvement in the on-current of the devices.
This improvement is also followed by the shifting of the
transfer curve toward more negative voltages, i.e., showing a

Table 1. Reported electron mobility in PbS FETs. (3-mercaptopropi-
onic acid (3MPA), 1,2-ethanedithiol (EDT), ammoniumthiocyanate
(NH,SCN), tetrabuthylammoniumiodide (TBAI), methylammoniumio-
dide (MAI)).

Substrates  Dielectrics Ligands/treatment Maximum mobility
[em2 Vs
Si/SiO, Sio, 3MPA, EDT, NH,SCN, TBAI, MAI 0.0717:3.21.27]
Si/SiO, Cytop 3MPA 0.2
Kapton Parylene NH,SCN 0.28
Polyimide Al,O4 NH,SCN 0.4728
Si/SiO, Al,0,/SiO, Na,S/PbCl, 0.529
Si/SiO, PVDF-trFE-CFE EDT 1.189
Si/SiO, EMIM-TFSI 3MPA 20221
ion gel

Adv. Electron. Mater. 2017, 3, 1600360
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reduced threshold voltage as displayed in Figure S5 of the Sup-
porting Information. Importantly, the variation of the transfer
curve upon the application of compressive strain is reversible,
demonstrating that the devices are still elastic after the strain
is applied and that the current increase is not caused by its
drifting. When the opposite strain direction (tensile strain) is
applied on the devices, we observed the decrease of the on-cur-
rent. The transfer characteristics measured after the application
of the tensile strain are displayed in Figure 3b. In addition, we
also observed the shift of the transfer curve toward more posi-
tive voltages, thus an increased threshold voltage. To have a con-
firmation that the variation of the on-current is not caused by
changes in the dielectric properties of the gate, the gate leakage
Ic—V¢ characteristics of the devices under several applied
mechanical strain were measured (Figure S6, Supporting Infor-
mation). The measurements confirm the absence of significant
changes in the gate leakage characteristics indicating that the
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Figure 3. Ip—V( transfer characteristics with the application of a) com-
pressive and b) tensile strain.
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Figure 4. a) Electron mobility, b) threshold voltage of the devices, c) relationship between electron mobility and estimated ligand length as compressive
and tensile strain are applied. d) Unbound (active) ligand chains during the application of tensile strain.

carrier density, thus the capacitance of the ion gel, is not influ-
enced by the application of the strain.

To have better description about the influence of the
mechanical strain on the electrical characteristics of the
devices we extracted the electron mobility for each strain con-
dition. Figure 4a shows the electron mobility versus strain.
Under compressive strain, the electron mobility increases with
increasing strain. We attributed these results to the reduced
barrier length, thus the reduction of the NC-interspacing. At
2% strain (R = 3.1 mm), we observed an improvement in the
electron mobility up to 45%. Therefore with this strain, we
further achieved the highest electron mobility reported in PbS
NC-FETs on flexible plastic substrate. Similar to the current—
voltage characteristics, the variation of mobility is reversible in
the range of the applied strain, which confirms that the devices
are still elastic. Under mechanical strain up to 2%, no cracks
are observed on the PbS films as shown in Figures S2-S4 of the
Supporting information. However, we start observing cracks on
the sample after applying higher strain (see Supporting Infor-
mation, Figure S4). Meanwhile, with the application of tensile
strain, we observed the decrease of the electron mobility. These
results can be associated to the increase of the barrier length
(longer NC-interspacing) when the tensile strain is applied as
displayed in Figure 4a. The variation of the NC-interspacing
by applying external pressure was reported in PbS colloidal
quantum dots.2% In this system, uniaxial compressive pres-
sure determines a red shift of the excitonic peak absorption.
Due to higher bulk modulus of the NC cores with respect to
the ligands, this shift can be mainly associated to the reduced
particle spacing due to the bending of the ligands.? The

wileyonlinelibrary.com
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application of compressive strain on organic semiconductor
FETs has also been reported to lead to improvement of car-
rier mobility due to reduced molecular spacing.'®'’ The
introduction of tensile strain in organic FETs results in an
increased molecular spacing leading to reduced charge carrier
mobility.'”1”) For organic TFT, it has also been proposed that
suppressed molecular vibration can be a possible origin of the
increased charge carrier mobility.}!

Another possible origin for the increased electron mobility
by applying compressive strain is the reduction of the trap
density in the devices. In nanocrystal solids, the charge car-
rier transport mechanism is generally governed by quantum
tunneling between NCs. This process strongly depends on the
exchange coupling energy (f3), which can be written as follows!”!

B=hexp{-2(2m’E, /)" d} (3)

where f, m*, and E, are reduced Planck constant, carriers
effective mass, and potential barrier height, respectively. The
distance between NCs, which is proportional to the length of
the ligands, is given by d. When compressive strain is applied,
the bending of the crosslinking ligands leads to the reduced
NC distance, thus improving the exchange coupling energy.
This increased exchange coupling energy will, in turn, reduce
the carrier traps near the nanocrystal band-edge as indicated in
the schematics reported in Figure S7 of the Supporting Infor-
mation. Conversely, the application of tensile strain will result
in the reduction of the exchange coupling energy. As a conse-
quence, some carrier traps will be introduced in the band edge
of the nanocrystals. Our analysis on this trap modulation is

Adv. Electron. Mater. 2017, 3, 1600360
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also supported by the observed threshold voltage shifts upon
the application of the strain as shown in Figure 4b. As com-
pressive strain increases, the threshold voltages decrease
indicating a lower energy for electron accumulation, which is
related to the reduction of the traps in the devices. When ten-
sile strain is applied, we observe the increase of the threshold
voltage in the devices. This threshold voltage shift explains the
increase of energy for electron accumulation, which can be
attributed to the increased number of carrier traps. This fluc-
tuation of density of states due to the change of the exchange
coupling bandwidth was previously observed in organic
semiconductors.32-34

In Figure 4a,b, we report a non-fully-symmetrical profile in
the variation of the device characteristics by comparing the con-
ditions between compressive and tensile strain. At this point,
the effect of tensile strain on the device characteristics is larger
than that with compressive strain. This result can be explained
by the induction of a potential barrier with the introduction of
tensile strain. To understand this effect, we can first estimate
the change of the NC-interspacing due to the applied strain ()
using equation Ax = x¢, where x is the distance between the
center of mass of the NCs as displayed in Figure 4c. When
compressive strain is applied, the NC-interspacing is the only
parameter changed due to the bending of the ligands. When the
tensile strain is applied on the NC films, the NC-interspacing is
increased by bending the crosslinking organic ligands. Due to
this bending, at some points, one of thiol end groups on the
NC surfaces can also become active as described in Figure 4d.
These active thiols may increase the potential barrier between
NCs, which results in the reduced number of the ligands inter-
connecting the PbS NCs, thus reducing the tunneling prob-
ability between NCs as indicated in Equation (3). In addition,
the change of ligand dielectric constant when the ligands are
squeezed can be another possible origin for the change of bar-
rier potential height.

To estimate the potential barrier (E,), we use Wentzel-
Kramers—Brillouin (WKB) approximation B, = (2m*E,/ %)1/2.13]
The tunneling decay constant (f3.) can be calculated from the
gradient of the curve of the calculated mobility versus estimated
ligand length (d + Ax). We found that f3, is a factor of 5 higher
in the regime with tensile strain application (B, = 4.3 A™)
than that with compressive strain (8. = 0.86 A™') indicating
increased potential barrier by referring to the WKB approxi-
mation. Our explanation is in line with the previous reports
showing that unbound (active) highest occupied molecular
orbital (HOMO)-lowest unoccupied molecular orbital (LUMO)
gap for alkane chains is as high as 8-10 eV which is about 2 eV
higher than that for bound (nonactive) ligands.*> The lower
potential barrier in the ligands bound on the NC surfaces can
be attributed to the hybridization of the organic ligand chains
and the orbitals of the NC surface atoms, which can introduce
some density of states in the molecular junction.

In conclusion, we have conducted a study of the effect
of mechanical compressive and tensile strain on the elec-
trical characteristics of PbS NC-FETs. After the application of
the mechanical strain, the electron mobility is improved up
to 45% at 2% compressive strain, which is attributed to the
reduced NC-interspacing due to the bending of the ligands. The
NC-interspacing can be increased by applying tensile strain,

Adv. Electron. Mater. 2017, 3, 1600360
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which results in a reduced electron mobility. The variation of
the electron mobility by applying mechanical strain is followed
by a variation of the threshold voltages of the devices. With
the application of compressive strain, the threshold voltages
increase due to the improved transfer integral between the NC
arrays and reduced carrier traps. In the opposite strain direc-
tion, carrier traps are induced by reducing the exchange cou-
pling energy, which in turn leads to a decreased transfer inte-
gral of the NC arrays. The application of tensile strain gives
rise to a larger effect than that of the compressive strain. This
finding can be associated to an increase of the potential barrier
due to the activation of some of the thiol ligands. Our results
provide fundamental understanding of the effect of mechanical
forces on PbS films which can enhance and broaden the appli-
cability of these materials for flexible cheap solution process-
able electronic devices and also open new prospective toward
the fabrication of mechanical force sensors.

Experimental Section

Device Fabrication: We used PEN with thickness of 125 um as a
substrate. Before use, the substrate was annealed at 150 °C for 3 h
on a hot plate to remove residual monomer on the PEN surfaces. The
substrate was cleaned with isopropanol for 10 min and dried with
nitrogen. Cr and Au (10 nm/30 nm) were then evaporated on the clean
PEN substrate as source—drain contacts.

PbS nanocrystals were synthesized following a method reported in
the literature.). The deposition of PbS semiconducting thin film was
done by spin coating 10 mg mL™" of the oleic acid-capped NC solution
in chloroform. To improve the film conductivity, the long-alkyl-chain
oleic acid ligands were replaced by shorter organic molecules, EDT with
concentration of 1% v/v in acetonitrile. The film deposition and ligand
exchange (LE) were done using layer-by-layer spin coating procedures
for seven times to ensure complete LE process. After each LE process,
the film was cleaned with pure acetonitrile to remove old native ligands.
The devices were annealed at 120 °C for 20 min to remove residual
solvents and promote stronger coupling between NCs.

lon gel based on HMIM-TFSI ionic liquid was used as gate dielectric.
To synthesize the solution of ion gel, we first dissolved 80 mg of
PVDF-HFP pellets in 1 mL dimethylformamide. The solution was stirred
at 60 °C overnight. 20 mg of HMIM-TFSI ionic liquid was then added
into the PVDF-HFP solution and stirred at room temperature for 3 h.
The ion gel solution was then spin-coated on the PbS film and annealed
at 90 °C for 2 h. Finally, Au with thickness of 50 nm was evaporated on
the top of the ion gel film as top gate electrode. All device fabrication
was performed in an N,-filled glove box.

Device Measurement and Strain Effect Experiment: The FET
electrical characteristics were measured by using an Agilent B1500A
semiconductor parameter analyzer connected to a probe station in an
N,-filled glove box. For strain effect measurement, the devices were
stressed using strain measurement apparatus as displayed in Figure S1
of the Supporting Information. The change of the device length was
measured by using a calliper and then used in Equation (1) to further
calculate the strain. The initial ligand length (without strain) was
estimated using the Gaussian software. Before performing the electrical
transport measurement, we wait for 10 min after changing each level of
strain to relax some slow ionic migration of the ion gel.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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