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Electrical Sensing of Molecular Spin State Switching in a
Spin Crossover Complex Using an Organic Field-Effect
Transistor

Yuteng Zhang, Seyed Ehsan Alavi, Ion Soroceanu, Dennis Wanyoike Kamau,
Aurelian Rotaru, Isabelle Séguy, Lionel Salmon, Gábor Molnár,*
and Azzedine Bousseksou*

An organic semiconductor – spin crossover polymer composite heterostruc-
ture is fabricated, and it is integrated into an organic field-effect transistor
(OFET) with the aim to achieve electrical sensing of molecular spin state
switching events. The OFETs display ≈50–70% increase in drain-source
current intensity when going from the low spin (LS) to the high spin (HS) state.
This phenomenon is reversible without apparent fatigue and the application
of a gate voltage significantly enhances the sensing sensitivity. Capacitance
measurements and finite element calculations allow identifying mechanical
stress, induced by the spin state switching, at the origin of the transistor
response. These results open up appealing perspectives for the integration of
spin crossover molecules into technological applications, such as soft robotics .
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1. Introduction

Molecular switches have received in-
creasing attention as building blocks to
store and manipulate information as
well as to transduce different forms
of energy.[1] Among the large variety
of switchable molecules, spin-crossover
(SCO) complexes of 3d4-3d7 transition
metal ions are renowned for their abil-
ity to switch reversibly between their
low spin (LS) and high spin (HS) elec-
tronic configurations.[2—5] The switch-
ing between the two spin states can
be triggered by various external stim-
uli such as temperature, pressure, light
or X-ray irradiation, or by chemical sub-
stances. The SCO results in a significant

alteration of the volume, magnetic, optical, caloric, mechani-
cal and electronic properties of the material, thereby generating
prospects for utilizing SCO molecules in different technologi-
cal domains,[6,7] including memory devices,[8,9] active photonic
devices,[10–12] temperature, pressure and gas sensors,[13–16] me-
chanical actuators,[17–19] heat management, and thermal energy
harvesting systems.[20–23]

In many applications, such as in mechanical actuators or
memory devices, it appears vital to have the capability to induce
as well as to detect the spin state changes using integrated elec-
trical circuits. Switching can be relatively easily implemented
by electrothermal means, e.g. by intoducing a Joule-heated el-
ement into the system.[24] On the other hand, direct electrical
sensing is usually not possible because the changes of capaci-
tance and/or conductance accompanying the SCO phenomenon
are relatively weak and remain difficult to detect in situ.[25,26] To
address this important issue, several approaches have been pro-
posed. E.g., chemists synthesized sophisticated SCO complexes
incorporating conducting molecular bricks, such as TCNQn−

(7,7ʹ,8,8ʹ-tetracyanoquinodimethane). However, the effective syn-
ergy between the charge transport and SCO phenomena could
be demonstrated only in a few cases.[27,28] A similar, but more
versatile approach uses a mixture of the SCO material with elec-
troactive polymers (e.g., polypyrrole or poly(vinylidene fluoride-
co-trifluoro-ethylene)), the resulting composites showing easily
measurable resistance switching[29,30] or current discharge[23] at
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the SCO. The underlying general idea is to use the volume ex-
pansion/contraction of the molecules accompanying the change
of spin state to modulate the electrical properties of the polymers
via electromechanical coupling (i.e., via piezoresistive or piezo-
electric effects). Alternatively, besides polymers, inorganic con-
ducting compounds (e.g., metallic nanoparticles) were also suc-
cessfully used to obtain conducting hybrid SCO materials.[31,32]

From a practical point of view, however, it is sometimes prefer-
able to avoid mixing materials and process them instead in
a multilayer device structure. At the macroscopic scale, this
idea was first demonstrated using a bilayer cantilever structure
combining two polymer composite films, one being piezore-
sistive and another SCO-active, generating a sharp resistance
change at the SCO due to the bending of the cantilever.[33] More
micro/nanotechnology-oriented approaches aimed at modulat-
ing current injection into nanoscale SCO junctions[34–36] or cou-
pling SCO films to ferroelectric substrates[9] or integrating SCO
films into microelectomechanical systems (MEMS).[18] Another
effective strategy combines atomically flat, 2D materials (mostly
graphene) with SCO compounds. The first device of this type
was reported in 2017 wherein [Fe(Htrz)2(trz)]BF4 (Htrz = 1H-
1,2,4-triazole, trz- = deprotonated triazolato ligand) nanoparti-
cles were deposited onto a graphene layer, embedded in a three-
terminal device, giving rise to a reversible change (≈25%) in the
conductance of graphene upon the SCO.[37] Subsequently, sev-
eral other graphene-based devices incorporating different SCO
materials were reported, including SCO single crystals,[38,39]

nanoparticles[40,41] and evaporated films,[42,43] the two materials
being either in direct contact or separated by a spacer. In most
cases, the resistance changes remained relatively modest (a few
percent), but well detectable. As for the mechanism, which cou-
ples the SCO to the conduction of graphene, several hypothesis
have been evoked, including mechanical strain[39] and electro-
static effects,[38,41] but at present this question remains open to
discussion.

In the present paper, we explore a novel strategy for electri-
cal sensing of spin state switching, based on strain coupling be-
tween a pressure sensitive organic semiconductor (OSC) layer
and a polymer:SCO composite layer, integrated in an OFET ar-
chitecture. The expectation is that the volume strain associated
with the thermally-induced SCO event should give rise to me-
chanical stress in the OSC layer. Due to the high compressibil-
ity of the latter, the distance between the conductive backbones
will be then altered, directly modifying thus the charge trans-
port in the OFET channel. Whereas one could use more simple
two-terminal device configurations, there are several advantages
in employing OFETs for sensing applications.[44–46] First, OFETs
combine sensing and switching functions, providing both high
sensitivity as well as high integration density and including even
the possibility to create sensing matrices. By the same token, they
afford also for various potentially useful detection signals (e.g.,
drain– source current, threshold voltage, current switching ra-
tio). In addition, OFETs can be fabricated on flexible substrates,
they are lightweight and can be deployed thus advantageously in
wearable and embarked systems. Here, we show that OFETs can
be used to detect changes of molecular spin states and demon-
strate a well reproducible (>30 switching events) increase of the
drain-source current intensity by typically 50 –70% when going
from the LS to the HS state. Using finite element analysis (FEA),

we trace back the changes in current intensity to the mechanical
stress generated by the SCO molecules in the OSC layer and pro-
vide guidelines for further optimization of the mechanical cou-
pling.

2. Results and Discussion

The schematic cross-section of our bottom-gate, bottom-contact
OFET device, with a polymer:SCO composite film deposited on
top of the OSC layer, is shown in Figure 1a. The main fabrica-
tion steps of the device can be depicted in Figure 1b. Heavily
doped n-type (𝜌 ≈10−3 Ω.m) silicon substrates were used with
a 225 nm thick SiO2 top layer, which serves as gate dielectric.
Source (S), drain (D), and gate (G) electrodes (Cr/Au) were pat-
terned by photolithography, forming a channel with a width of
W = 1000 μm and a length of L = 70 μm (except otherwise men-
tioned). After surface treatment, the substrates were transferred
into a glove box for the remaining fabrication steps, which in-
clude spin coating and patterning of a 100 nm thick OSC layer,
followed by spin coating of a 450 nm thick polymer:SCO layer
and, finally, the encapsulation of the active area using a glass
slide and epoxy sealing. The thicknesses of the OSC and poly-
mer:SCO layers were confirmed by scanning electron microscopy
(SEM) and atomic force microscopy (AFM) imaging (see
Figure 1c,d).

Among the various reported OSC materials, we have selected
for our work the widely used polymer, poly(3-hexylthiophene)
(P3HT), for two main reasons: its known sensitivity to mechan-
ical strain,[47,48] combined with a robust and linear temperature-
dependent mobility up to ≈100–120 °C.[49,50] The latter crite-
rion is particularly important as we use in our experiments the
“benchmark” SCO complex [Fe(Htrz)2(trz)]BF4, which presents
one of the largest volume change upon the SCO (≈10%), but
must be heated to relatively high temperatures to reach the fully
populated HS state. (N.B. At this point, it is worth to note that
in contrast to the compound [Fe(Htrz)2(trz)]BF4, most techno-
logically relevant SCO compounds display spin transition closer
to room temperature, i.e., <70 °C.[8,12,13,15,19]) Although the pres-
ence of a polymer matrix is not mandatory, we decided to embed
SCO particles in a polymer because this is the most general way
how SCO materials are processed for practical applications.[51]

The choice of the polymer matrix is dictated by four important
factors: (i) its insulating nature, (ii) the orthogonality of its solvent
with respect to both the SCO particles and the P3HT layer, (iii)
its relatively high elastic modulus and (iv) its thermal stability. Of
particular importance is to avoid polymers with a glass transition
near the SCO temperature range. Taking into account these crite-
ria, we opted for PVP (polyvinylpyrrolidone) dissolved in ethanol,
which is a poor solvent for P3HT.[52] PVP was mixed with 50
wt% SCO nanoparticles made of silica-coated [Fe(Htrz)2(trz)]BF4,
which is a benchmark in the field.[53] At this point, it should be
noted that there are potentially several ways to introduce SCO
molecules into an OFET structure. E.g., they can be deposited at
the interface between the gate dielectric and OSC layer or mixed
with the OSC layer or even mixed with the gate dielectric (if it is
made of a polymer). However, all these approaches can strongly
degrade the transistor output and transfer characteristics. This
is why we opted for depositing the SCO composite as the up-
permost layer, “far away” from the very sensitive conducting
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Figure 1. Schemes of a) the cross-section and b) the fabrication process of the PVP:SCO/OFET device: I. P3HT deposition and patterning, II. PVP:SCO
deposition, and III. device encapsulation. c) SEM image of the device cross-section. d) AFM topography image and cross-sections showing the three
layers near a scratch in the films and e) photograph of a chip with the patterned electrodes.

channel, which is located in a few nm thick layer of the OSC film
at the interface with the dielectric (see Figure S1a, Supporting
Information).[54]

Figure 2a shows the room temperature output characteris-
tics of a “reference” OFET device, prepared without PVP top
layer. The output curves show a characteristic saturation in
drain-source current (IDS) as the drain-source voltage (VDS) in-
creases negatively at a fixed gate voltage (VG), typical for a p-
type OFET device. When this device is coated with a pure PVP
film (i.e., without SCO particles), we obtained fairly similar
characteristics (Figure 2b), confirming thus that the PVP de-
position does not strongly modify the transistor performance,
even if it remains a limiting step in terms of device repro-
ducibility. One shall note the relatively low ION/IOFF ratio of
our devices (≈1 – 2 decades), which is possibly linked to leak-
age currents.[55] It should be, however, underlined that a trade-
off was necessary between the output characteristics and the
thermal behavior of the devices. In fact, using slightly differ-
ent fabrication protocols, we were able to fabricate devices with
substantially higher ON/OFF ratios (see Figure S1, Supporting
Information).

However, for the present work, linear and reversible behav-
ior upon thermal cycling is also a key asset. This is why we
opted for a fabrication protocol affording for poorer output char-
acteristics, but more suitable thermal behavior. This important
asset can be clearly depicted in Figure 2 (right panels), which

shows the variation of IDS upon three successive thermal cy-
cles between 40 and 120 °C. Apart from the well-known first
“run-in cycle”, which occurs inevitably during the first heat-
ing due to the loss of residual solvents and microstructural
changes,[13] the current intensity shows indeed a fairly repro-
ducible, linear increase/decrease upon heating/cooling due to
thermally activated processes. Taking into account literature re-
ports on the delicate interplay between temperature treatments,
crystalline structure, grain/interfacial morphology and charge
transport in P3HT,[50,56,57] there is clearly still room for improv-
ing the output characteristics, thermal stability and reproducibil-
ity of our devices. Nevertheless, the present configuration is
fully suitable for proof-of-concept studies with integrated SCO
materials.

As shown in Figure 3a, the room temperature output charac-
teristics of the PVP:SCO/OFET device, integrating SCO particles,
are comparable with that of the “reference” device. On the other
hand, the temperature dependent characteristics turned out to be
drastically different due to the SCO phenomenon. Figure 3b (see
also Figure S2, Supporting Information) displays the variation of
IDS upon three successive thermal cycles between 40 and 120 °C
in the ON state of the transistor (VG = −10 V, VDS = −30 V).
One can clearly depict an abrupt increase of the current inten-
sity near 100 °C on heating and the reverse phenomenon near
65 °C on cooling, denoting a thermal hysteresis loop of ≈35 °C
width, well known for the SCO compound [Fe(Htrz)2(trz)]BF4.[53]

Adv. Electron. Mater. 2024, 2400590 2400590 (3 of 8) © 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 2. Characterization of “reference” OFET (a) and PVP/OFET (b) devices without SCO particles. Left panels: Output characteristics at room tem-
perature. Right panels: drain-source current during three successive thermal cycles (VDS = −30 V, dT/dt = ± 2 °C/min).

Indeed, a comparison with the optical absorbance changes of
the PVP:SCO/P3HT bilayer in Figure 3b confirms obviously
that the origin of this hysteresis is the SCO phenomenon. This
hysteresis is particularly useful to distinguish the effect of SCO
from any other possible thermal effects on the charge mobility.
Indeed, at a fixed temperature inside the hysteresis loop (e.g.,
80 °C), we observe a ≈60% more intense drain-source current
in the HS state when compared to the LS form. As mentioned
before, in the ON state of the transistor, the conduction chan-
nel is restricted to the first few nm near the interface with the
gate dielectric.[54] In other words, the conduction channel and
the SCO composite film are separated by a ≈95 nm thick P3HT
layer wherein the charge transport is negligible. In this respect,
the spin transition effects observed on the device can be consid-
ered “contactless”. Interestingly, even if we set the gate voltage
to 0 V, the current switching between the LS and HS states is
still observable (via the leakage current) with roughly the same
relative change (see Figure 3c). Nevertheless, the comparison be-
tween Figure 3b,c denotes clearly the interest of using a gate volt-
age in terms of sensing sensitivity. (N.B. One should note here
that the gate voltage is not expected to alter the spin state of the
SCO compound because the electrical field in the SCO layer is
negligible in our device configuration and, in any case, the spin
state of SCO complexes is not significantly sensitive to an applied
field).[23]

Importantly, the SCO-induced switching of transistor out-
put could be perfectly reproduced in several devices–fabricated
with different channel lengths (ranging from 10 to 110 μm),
both in the linear and saturation regimes (see Figure S4, Sup-

porting Information). Besides, to confirm the good reversibil-
ity and lack of significant fatigue effects, on one of these de-
vices we performed multiple thermal cycles (overall 30 switch-
ing events), which are shown in Figures 3d and S3, Supporting
Information.

The starting hypothesis of our work was the idea of estab-
lishing mechanical coupling between the spin state change in
the SCO film and the charge transport in the OSC layer. How-
ever, the SCO phenomenon involves substantial changes of the
polarizability and dipole moment of the complexes, which may
also impact the charge transport in the organic semiconduc-
tor layer due to the modification of the electrostatic potential.
Based on a computational approach, van Geest et al.[38] argued
that this phenomenon should be at the origin of the conductiv-
ity switching in their graphene-based transistor. However, con-
trary to their work, which used a single, oriented SCO crystal, in
the present case the SCO material consists of more or less ran-
domly oriented particles within the polymer matrix. In this sit-
uation, one shall not expect a considerable variation of the elec-
trostatic potential near the PVP:SCO layer. It may be worth to
note also that in our experimental situation the electrical field
within the PVP:SCO layer is weak. Nevertheless, to bring more
light into this question, we carried out capacitance measure-
ments on the PVP:SCO film in the two spin states at identical
temperatures (in the middle of the hysteresis loop), in a broad
frequency range. As shown in Figure 4a,b, we could observe
only minor capacitance changes (less than 2%) when going from
the LS to the HS state, which cannot rationalize an electrostatic
mechanism.

Adv. Electron. Mater. 2024, 2400590 2400590 (4 of 8) © 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 3. Characterization of the PVP:SCO/OFET devices. a) Output characteristics at room temperature. b,c) Drain-source current during three suc-
cessive thermal cycles recorded for VDS = −30 V, dT/dt = ± 2 °C/min and b) VG = −10 V, or c) VG = 0 V. For comparison, the UV absorbance change (at
350 nm) of the PVP:SCO/P3HT bilayer film is also shown in (b). d) Drain-source current during ten successive thermal cycles for a second device with
different channel length (L = 30 μm) recorded for VG = −10 V, VDS = −30 V, dT/dt = ± 2 °C/min.

A more plausible explanation is related to the known
sensitivity of P3HT to mechanical stress and strain.[47,48]

In general, charge transport in organic semiconductors can be
significantly modulated under an applied load due to their rela-
tively high compressibility.[58,59] Gao et al.[48] has investigated the
piezoresistance of P3HT under uniaxial compressive load in a
two-terminal configuration and found a considerable increase of
the current intensity (by a factor of 2–10). The authors suggested
that changes in the polymer microstructure, such as the decrease
in the distance between the neighboring conductive backbones,
could be responsible for the conductivity improvement. To an-

alyze the mechanical stress and strain generated in the P3HT
layer due to the SCO phenomenon in our PVP:SCO/OFET de-
vices, we have carried out a series of finite element simulations
using the commercial ABAQUS software. The calculation details,
geometries and thermomechanical properties of the simulated
structures are given in Supporting Information. For the lack of
accurately determined thermomechanical properties, these com-
putations provide only indications of the sign and magnitude
of changes in stress and strain when going through the spin
transition. Of particular interest for us is the variation of the in-
plane stress (𝜎11) in the P3HT conducting channel (i.e., in the

Figure 4. a) Capacitance of a PVP:SCO film as a function of the frequency of the applied electrical field, recorded at 80 °C through two heating-cooling
cycles. b) Capacitance recorded at selected frequencies at 80 °C, either on heating (LS state – blue) or on cooling (HS state – red).
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Figure 5. FEA simulations of the in-plane stress component 𝜎11 through the thickness of the stack, halfway between the source and drain electrodes, in
the LS (a) and HS (b) states. The blue shaded area indicates roughly the position of the conducting channel in the P3HT layer.

proximity of the interface with the SiO2 substrate). The con-
tour plots of 𝜎11 in the two spin states are shown in Figure
S7 (Supporting information), visually revealing the change
of stress distribution within the OFET structure upon the
SCO. In a more quantitative manner, the computed values
of stresses before and after the spin transition are plotted in
Figure 5 for the in-plane, and in Figure S8 (Supporting In-
formation), for the out-of-plane directions, respectively. Note
that these figures show the stress along the thickness of the
multilayer structure, halfway between the source and drain
electrodes.

As shown in Figure 5a, before the spin transition (LS state) a
weak mechanical stress (≈−0.15 MPa) arises within the conduc-
tion channel due to the thermal expansion mismatch of the differ-
ent layers. The intrinsic mechanism caused by the thermally in-
duced switching of the spin state of the particles is an expansion
of metal-ligand bond lengths in the SCO complex, which results
in a volume expansion of the entire PVP:SCO composite. Since
the composite film is mechanically clamped to the substrate, the
in-plane expansion transforms into an in-plane stress both in the
PVP:SCO and P3HT layers (Figure 5b), altering thus the charge
transport in the latter. Specifically, within the conduction channel
of the OFET the compressive stress increases to ≈−3.2 MPa due
to the SCO phenomenon. We can link this SCO-induced mechan-
ical stress in the P3HT to its electrical resistance by considering
the above-mentioned experimental observations of Gao et al.[48]

on the piezoresistive properties of P3HT. According to these au-
thors, compressive stresses of the order of a few hundreds of
kPa result in a sizable increase of the charge mobility, which is
in agreement with our experimental observation of a sudden in-
crease of the drain-source current when going from the LS to
the HS state. It is important to underline that the stress gener-
ated by the SCO phenomenon within the OSC layer strongly de-
pends on the elastic moduli of the materials. In the present case,
the PVP matrix has a fairly high modulus (≈2 GPa), which af-
fords for generating relatively high stress levels within the struc-
ture due to the SCO.[58] On the other hand, the elastic modulus
of P3HT is relatively low (≈120 MPa), but in this case the high
piezoresistive coefficient remains the most important figure of
merit. We anticipate that this type of FEA simulations should
increasingly serve in the field to analyze and predict the effects
of different design parameters (mechanical properties, geometry,
etc.).

3. Conclusions

In summary, we fabricated PVP:SCO/P3HT hybrid OFET de-
vices capable of electrically sensing molecular spin state changes
in thin polymer composite films at the micrometer scale. The
drain-source current in the device increased reversibly by 50–
70% when going from the LS to the HS state, which we attributed
to compressive stresses generated in the P3HT layer due to the
SCO. The use of an orthogonal solvent allowed for the liquid
phase deposition of the PVP:SCO layer on top of the P3HT with-
out much altering the transistor performance. We expect that
this versatile method should enable the fabrication of devices
with various combinations of SCO particles, polymer matrices,
and organic semiconductor materials, providing potentially even
higher strain sensitivity and lower spin transition temperatures.
Interestingly, spin state sensing could be demonstrated even at
zero gate voltage, but the switching ability of the three-terminal
device appears as an important asset for future work as it af-
fords both high sensitivity and high integration density. As such,
these results broaden the realm for further integration of SCO
materials into technological applications. In particular, we an-
ticipate the development of lightweight, flexible devices[44,59,60]

combining the mechanical actuation capability of polymer:SCO
composites[18,19] with the strain sensitivity of organic electronic
materials[61,62] providing scope for applications in soft robotics
and related areas. On the other way around, one may also con-
sider using SCO molecules for active tuning of OFET character-
istics in a similar manner as it has been proposed using pho-
tochromic molecules.[63,64] The main interest in this “SCO for
OFET” approach comes from the rich stimuli-responsive behav-
ior of SCO molecules, which could significantly extend the sens-
ing capability of OFET based sensor devices.

4. Experimental Section
Device Fabrication: For bottom gate, bottom contact OFET fabrication,

pre-patterned substrates with source and drain electrodes were prepared
on top of SiO2 by Cr/Au (10 nm and 50 nm respectively) lift-off using
5 μm negative NLOF 2035 resist (purchased from MicroChemicals). The
pre-patterned substrates were rinsed successively with acetone (VLSI,
99.5%) and ethanol (VLSI, 99.9%) for 5 min under sonication. They
were then dried by a nitrogen gas flow, and cleaned by an oxygen
plasma treatment (60 W, 2 min). The rest of the procedure was car-
ried out in a glove box (O2/H2O < 3 ppm). For OSC deposition,
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P3HT (regioregular, average Mn 54000 – 75000 g mol−1; >98% head-
to-tail, purchased from Sigma-Aldrich) was dissolved in chlorobenzene
(15 mg mL−1) and the solution was held on a hot plate (60 °C) under
magnetic stirring for 4 h. This solution was then spin-coated onto the
substrates at 1200 rpm for 30 s followed by a short annealing (120 °C,
1 min) in order to remove the residual solvent. The obtained P3HT film
was then manually patterned to a smaller area. For the SCO deposition,
the SCO NPs (synthesized as described earlier[65]) and PVP (40-50G, pur-
chased from Sigma-Aldrich) were mixed with ethanol at concentrations of
50 mg mL−1 and spin-coated on top of the P3HT layer at 1200 rpm for 30
s, followed by a short annealing (80 °C, 1 min). Finally, for the device en-
capsulation, a glass slide was placed on the sample and sealed all around
with a UV-curable epoxy (DELO Katiobond LP655).

Device Characterization: The SCO phenomenon in the films was de-
tected by measuring the temperature dependent optical absorption spec-
trum using a Cary 50 (Agilent) spectrophotometer and a THMS600
(Linkam Scientific) heating-cooling stage. AFM surface topography im-
ages were acquired under ambient conditions in tapping mode using a
SMART-SPM (Horiba) equipped with HQ:NSC15/Al BS probes (Mikro-
Masch, 40 N m−1, 300 kHz). SEM images were acquired in secondary
electron mode using a Hitachi S4800 instrument. For the electrical char-
acterization of the devices, a Keithley 6430 source-meter (VDS and IDS) to-
gether with a Keihley series 2400 voltage source (VG) and a HFS350EV-PB4
(Linkam Scientific) heating-cooling stage equipped with three tungsten
probes, was used. For capacitance measurements, 100 nm Al was ther-
mally evaporated on the top of the PVP:SCO layer to form an Au/SCO/Al
parallel plate capacitor, analyzed by an Agilent 4294A precision impedance
meter (test signal amplitude: 10 mV, DC bias: 0 V) in conjunction with the
HFS350EV-PB4 heating-cooling stage.
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