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Optically switchable transistors comprising a
hybrid photochromic molecule/n-type organic

K. Borjesson,® M. Herder,” L. Grubert,” D. T. Duong,© A. Salleo,” S. Hecht,*°

E. Orgiu*® and P. Samori*®

Organic semiconductors can be easily combined with other molecular building blocks in order to fabricate

multifunctional devices, in which each component conveys a specific (opto)electronic function. We have

fabricated photoswitchable hybrid thin-film transistors based on an active bi-component material, consisting
of an n-type fullerene derivative and a photochromic diarylethene that possesses light-tunable energy levels.
The devices can be gated in two independent ways by either using an electrical stimulus via the application of
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a voltage to the gate electrode or an optical stimulus causing interconversion of the diarylethene molecules
between their two isomers. Fine control over the device output current is achieved by engineering the
diarylethenes’ LUMO that can act as an intra-gap state controlled by a distinct wavelength in the UV or in the

visible range. Importantly, the devices based on a mixed diarylethene/fullerene active layer preserve the high
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Introduction

Photochromic molecules are building blocks capable of under-
going reversible isomerization between two (meta)stable states
in response to light stimuli. The two isomers possess signifi-
cantly different physical and chemical properties, making these
molecules very attractive as active components for applications
in multifunctional devices and logic circuits."™® Prototypes of
logic gates are realized in solution by proving the reversible
processes of write and read relying on irradiation with light at
different wavelengths or other chemical stimuli acting on multi-
chromophore systems.” ™ In organic electronics the embedded
photochromic molecules can exhibit a slightly simpler monochro-
mophore chemical design but their incorporation in the active
layer of a device requires control over their structural interactions
with the semiconductor and matching of their mutual energy
levels. The reward for incorporating a photochromic molecular
unit into a standard organic thinfilm transistor (TFT) is the
integration of a new functionality into an already existing platform,
in which the output device current can be simultaneously and
independently controlled through light and voltage.
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mobility of the pristine semiconductor.

Photomodulation of current has been achieved by using
neat photochromic molecules,'! synthesizing hybrid molecules
consisting of a photochromic system covalently or supramole-
cularly attached to an organic (semi)conductor,"*™*° or by
combination of photochromic systems and organic semicon-
ductors in blends or layered devices.>*>* The latter approaches
offer the advantage of high switching ratios while maintaining
high charge carrier mobilities. Self-assembled monolayers
(SAMs) of azobenzenes or diarylethenes (DAEs) have also been
used to modulate conductance in two-terminal devices.>*™®
Among photochromic molecules, DAEs are potentially best
suited for photocontrolling electrical charge transport as their
n-electronic structure changes considerably upon isomerization.
Furthermore, they combine complete thermal bi-stability with
high fatigue resistance to repeated photoisomerization.>*™"
Recently, light responsive field-effect transistors have been
realized by exploiting similar approaches. Device performances
such as field-effect mobility and threshold voltage have been
photomodulated either by chemisorption of switchable SAMs
or by blending photochromic molecules with the dielectric
material.*** In order to achieve high switching ratio, Hayakawa
et al. used a biphenyl-DAE derivative as the active layer in an
organic field-effect transistor (oFET), attaining two orders of
magnitude current switching ratio, but in devices exhibiting
modest field-effect mobilities of p-type.>®

Different groups have recently achieved high switching ratios
while maintaining high mobilities by blending a p-type polymer
semiconductor with DAEs.*”*® In particular, the switching effect
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is achieved by tuning of the HOMO levels of the photochromic
component in the blend via light irradiation at a selected
wavelength. In such a way, one of the two isomers acts as a trap
center for holes while the other simply represents a scattering
center for charges, without energetic interaction with the active
layer. While this principle was anticipated in previous theoretical
and computational work,*® to prove its general applicability it
would be desirable to apply it also on n-type systems via optical
tuning of the LUMO levels.

Herein, we report for the first time the fabrication and
characterization of photoswitchable TFTs combining a photo-
chromic system and n-type semiconductors, therefore exploit-
ing the photoisomerization to generate photoswitchable
electron-instead of hole-accepting levels. Our findings allowed
us to extend the previously proposed switching mechanism to
electron transport while comparing the device performances of
two different semiconductors incorporating two different
photochromic units, giving in total four different binary semi-
conductor/photochromic molecule blends. As model n-type
semiconductors, two solution processable fullerene derivatives
were used, i.e. [6,6]-phenyl-Cq;-butyric acid methyl ester (PCBM)
and indene-Cg, bisadduct (ICBA).***' Both fullerene derivatives
exhibit n-type transport when incorporated in TFTs, although
their LUMO levels differ slightly (Fig. 1).">** Furthermore, two
structurally similar yet electronically different DAEs are employed.
Both DAEs are functionalized with the strongly electron with-
drawing perfluorocyclopentene bridge as well as CF;-substituted
phenyl rings on both hetaryl moieties in order to obtain highly
electron-deficient structures possessing low LUMO levels. Using
thiazoles (DAE-FN) in place of thiophenes (DAE-F) as hetaryl
moieties allows for fine-tuning of the electronic levels due to
the more electro-negative nitrogens within the = system
(see ESIt for synthetic procedures). These functionalizations
allow the molecular LUMO energy to be lowered by 1 eV below
that of the corresponding non-functionalized DAE. The structure
and LUMO levels of all molecules encompassed in our study are
portrayed in Fig. 1.
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Fig. 1 Left: chemical structures of the semiconductors (PCBM and ICBA)
and of the two diarylethenes, denoted DAE-FN and DAE-F, in their open
and closed forms. Right: LUMO levels determined by cyclic voltammetry of
the fullerene derivatives (black), and the diarylethenes in their open (blue)
and closed (red) forms.
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Results and discussion
Driving force for electron transfer

The two fullerene derivatives and the two diarylethenes can form
four different binary semiconductor/photochromic system blends.
A driving force for trap formation of electrons exists when the
LUMO level of the DAE lies lower than the LUMO of the semi-
conductor. As displayed by the LUMO levels in Fig. 1 and Table S1
(ESIt), approximated by reduction potentials in cyclic voltammetry
(see ESIT for details), the energy difference AE; = 0.29 eV between
ICBA and DAE-FNjoseq iS larger than AE, (ICBA/DAE-Fjseq) and
AE; (PCBM/DAE-FN(jseq), both being 0.10 eV. Therefore the
LUMO of the closed isomer of DAE-FN is lying deeper in the
band gap of ICBA than in any of the other binary combinations.
ICBA and DAE-F, and PCBM and DAE-FN have the same driving
force for trap formation as determined by cyclic voltammetry
making it unclear from an energetic point of view which combi-
nation represents the deepest trapping level. In the PCBM/DAE-F
blend both the closed and open isomer of the photochromic unit
have their LUMO lying higher than that of the semiconductor
therefore no driving force exists for electrons to sit in such level.
Noteworthy, for all combinations the LUMO level of the open DAE
form is energetically unfavourable for the charge carriers trans-
ported within the semiconductor matrix. Note that the conversion
of electrochemical reduction potentials to LUMO levels and the
comparison of structurally different compounds can only be an
approximation, as the influence of solvation of the derived radical
anion and the surrounding in the solid phase is neglected.** Also
chemical reactions following the electron transfer may signifi-
cantly shift the peak potential. Thus, for the ring-open isomers
of DAE-FN and DAE-F, both possessing irreversible reduction
waves, the given LUMO energies are only rough estimates,
which however show that they are way higher than the LUMO
energies of the fullerene derivatives. In contrast, the reductions
of both ring-closed isomers possess a quasi-reversible character,
i.e. upon slow scan rates they are irreversible while upon higher
scan rates they become reversible (Fig. S4, ESIt). Given the
similar chemical structures of DAE-FN and DAE-F the comparison
of their reduction potentials at high scan rates and derived LUMO
levels is valid, showing the significantly higher electron affinity of
DAE-FN. The positioning of the DAE’s LUMO levels relative to the
fullerenes and with this the absolute driving force for electron
transfer are somewhat more uncertain, however, using cyclic
voltammetry still gives an easy and good prediction of the experi-
mental trends to be expected.

Photophysical properties in films and solution

When blending a photochromic molecule together with another
light-absorbing component in a solid film, it is important to verify
that the photoisomerization ability of the photochromic system is
retained. Fig. 2a and b portrays the absorption spectra of both
open and closed forms of DAE-FN and DAE-F in acetonitrile
solution (see ESIt for spectroscopic details in solution). The
closed forms exhibit absorption maxima at 538 and 592 nm for
DAE-FN and DAE-F, respectively. Both DAEs can repeatedly be
switched between the open and closed isomer without any sign of
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Fig. 2 Molar absorptivities of the open (blue line) and closed (red line)
isomers of (a) DAE-FN, and (b) DAE-F dissolved in acetonitrile (insets show
absorption in the visible range during repetitive switching between the
open and closed forms using UV and visible light). Absorbance at 540 nm
or 590 nm for DAE-FN and DAE-F blended films on glass substrates as a
function of irradiation time for (c) PCBM/DAE-FN blend, (d) PCBM/DAE-F
blend, (e) ICBA/DAE-FN blend, and (f) ICBA/DAE-F blend. Irradiation
wavelengths were 315 nm (blue squares) or 530 nm (red circles).

degradation (see Fig. 2a and b inset) and the photochemical
quantum yields are 0.45 and 0.58 for the open — closed
photoisomerization as well as 0.04 and 0.02 for the closed —
open photoisomerization of DAE-FN and DAE-F, respectively
(Table S2, ESIt). The lower quantum yield for the closed —
open isomerization, which is a common feature in this type of
diarylethenes,®® was compensated in device experiments by
longer irradiation times and higher photon fluxes as compared
to the open — closed process (vide infra).

The absorption maxima of the lowest energy absorption
band of the DAEs in their closed form were used to monitor
the switching behavior of the DAEs in blended films together
with the fullerenes (Fig. 2c—f). The films were thin enough to
allow light to penetrate the films both at the irradiating and
monitoring wavelengths. All these films show an increase in
their absorption after irradiation with UV light, and a subse-
quent decrease when irradiated with green light, confirming
that the DAEs retain their ability to reversibly photoisomerize in
blended films.
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Photoswitching of transistors

To explore the closed form of the DAEs’ ability to act as an
electron acceptor and thus modulate reversibly the electron mobi-
lity in semiconductor/DAE blends, thin-film transistors were made
by spin coating fullerene/DAE blends (weight ratio = 5 to 1)
solubilized in chlorobenzene on SiO, substrates. The SiO,
substrates were pretreated with HMDS and contained prepat-
terned 1-undecanethiol treated gold electrodes giving transistors
in a bottom-gate bottom-contact configuration. Fig. 3 shows
transfer sweeps before and after switching the diarylethenes
from their open to their closed form. For all cases the switching
either lowers the drain-source current or does not affect transistor
performance at all, which is in accordance to expectations since the
closed isomer with its lower LUMO level has a higher tendency to
act as an electron accepting level than the open isomer. Impor-
tantly, switching between the open and closed isomers does not
change the threshold voltage of the devices (Fig. S8, ESIt).

To further examine the switching properties, the transistors
were irradiated with monochromatic light centered at 4 = 320 nm
or 4 =540 nm in order to induce the open — closed or closed —
open photoisomerization, respectively. Fig. 4 shows the normalized
drain-source current of TFTs made from the different semicon-
ductor/DAE blends or pristine semiconductor. Transfer curves were
acquired in the saturation regime in dark conditions and the
current values were recorded at a fixed (Vgs-Vin) and Vpg voltage
for each entry (Vs icea = 80 V, Vis,pcem = 120 V, Vpg = +40 V).
The irradiation of the pristine semiconductors with light of
different wavelengths led to negligible changes in current,
likewise for the PCBM/DAE-F blend. In view of the LUMO levels
displayed in Fig. 1, the latter result is not surprising because of
the absence of any driving force for electron transfer from
PCBM to DAE-F in its closed form. Upon photoisomerization of
the DAEs from their open to their closed forms in PCBM/DAE-FN
and ICBA/DAE-F blends a decrease in current of 14% and 11%,
respectively, was observed. These two combinations have a LUMO
level difference of 0.10 eV, which results in shallow trapping levels
for electrons. The strongest driving force for electron transfer is
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Fig. 3 Examples of Ip vs. V5 sweeps before (black) and after (red) switching
from the open to the closed form by irradiation at 320 nm for (a) pristine
PCBM, (b) PCBM/DAE-FN blend, (c) PCBM/DAE-F blend, (d) pristine ICBA,
(e) ICBA/DAE-FN blend, and (f) ICBA/DAE-F blend.
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Fig. 4 Normalized drain—source current as a function of repeatedly
switching the DAEs between their open and closed states for (a) PCBM,
and (b) ICBA devices (black squares = pristine material, red circles = DAE-FN
blend, and blue triangles = DAE-F blend). Lines are drawn as guide for the
eye. Irradiation is indicated by violet (A = 320 nm, 30 s) and red (2 = 540 nm,
10 min) shaded areas. For details regarding the switching procedure see the ESL+

undoubtedly between ICBA and DAE-FN in its closed form, and
the recorded current switching efficiency of 55% is by far the
highest of all cases. The current modulation on photoisomeriza-
tion can thus be rationalized based on the energy difference of the
LUMO levels of the photochromic molecule and semiconductor.

The original current is recovered after closed — open
photoisomerization, proving that the current modulation
indeed is an effect of the state of the DAEs. Noteworthy, both
in the high and low current configurations, several readouts
can be performed, demonstrating that the devices effectively
can be regarded as memories. The fatigue resistance for the
PCBM samples is quite good. A decrease in current of 8% for
the PCBM/DAE-FN blend as compared to 6% for pristine PCBM
devices is observed after 5 complete switching cycles and 17
transfer sweeps. For ICBA transistors, the fatigue is higher, with
a current decrease of 39% for the ICBA/DAE-FN blend and 9%
for pristine ICBA. The lower fatigue resistance for ICBA based
devices compared to PCBM ones has been observed in bulk
heterojunction solar cells.*> ICBA devices are also generally
more prone to bias stress (see Fig. S10, ESIt). Blended devices
show a comparable lower fatigue resistance than pristine ones.
It is believed that the relatively lower fatigue resistance for the
blended devices is to a high degree due to degradation of
semiconductor and not DAE since the switching cycle efficiency
is preserved for each individual cycle (see Table S5, ESIt), and
solution spectroscopy shows hardly any sign of degradation
during 11 full switching cycles for both DAE derivatives
(see Fig. 2a and b). However, it cannot be ruled out that the
lower fatigue resistance is a joint effect of both semiconductor
and DAE degradation.

Electrical characterization of transistors

The charge carrier mobility in an organic thin film strongly depends
on its structure and morphology. By blending a photochromic

This journal is © The Royal Society of Chemistry 2015
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Table1 Field-effect (electron) mobilities in pristine fullerene and fullerene/
DAE (open form) blended films

Field-effect mobility 10> (cm®> V' s ")

Channel length 2.5 pm 5 um 10 pm 20 pm
PCBM 44.1 (22.2)  20.7 (1.1) 11.5 (0.1) 10.0 (2.9)
PCBM/DAE-FN  33.5 (17.0)  19.3 (9.5) 6.9 (1.2) 7.5 (1.0)
PCBM/DAE-F 38.0 (16.5) 22.3(10.8) 7.4 (4.5) 6.1 (4.6)
ICBA 8.95(1.03)  4.53 (0.49) 3.05(0.48) 2.47 (0.38)
ICBA/DAE-FN 1.41 (0.63)  0.59 (0.27)  0.37 (0.20)  0.41 (0.20)
ICBA/DAE-F 0.63 (0.29) 1.15(0.6)  0.89 (0.42) 0.39 (0.22)

“ Standard deviation in parenthesis; see ESI for threshold voltages (Fig. S7),
output characteristics (Fig. S8, ESI), and I/l ratios (Table S4, ESI).

molecule into an organic semiconductor, the packing of the latter
can be affected, and this can be reflected in a major change of the
field-effect mobility (). To examine the effect of blending on the
performance of the transistor u was determined in the saturation
regime for the pristine semiconductors as well as for the different
blends (Table 1; for threshold voltages, output characteristics, and
on/off ratios see Fig. S7, S9 and Table S4, (ESIt), respectively). The
charge mobility of PCBM devices remains, within experimental
error, unaffected by blending with the DAEs, and it amounts to ca.
0.01 ecm® V' s, in line with previous reports on similar PCBM
transistors.*> For pristine ICBA u is close to the literature values of
35 x 102 and 6 x 107> cm? V' s 1% However, ICBA
transistors are more affected by blending as the p-value of the
blends is 6 times lower than in the pristine devices. Low effects on
mobility in semiconductor/DAE blends has been observed in the
past, and then been rationalized with phase segregation.””

Morphology of blended films

To gain a further insight into the relatively low effect of the
blending on the field-effect mobilities, 2D-GIXD, AFM and Auger
spectroscopy were performed on pristine as well as blended films.
The 2D-GIXD measurements showed that all films used in this
study were to a high degree amorphous in structure (Fig. S12, ESIT).
This is as expected, since PCBM is known to crystallize only under
very specific processing conditions like thermal annealing,*” which
has not been performed in this study. AFM imaging of the pristine
fullerene films (Fig. 5 and Fig. S11, ESIt) showed smooth films with
a few crystals on the top. Upon blending the films become much
rougher and roundish structures 0.4-2.5 pm in size appear. Auger
spectroscopy, which probes the chemical composition in the top

31.5nm 110.4 nm

0.0 Height

10.0 pm 0.0

Height

20.0 ym

Fig. 5 AFM images of pristine PCBM film (left) and PCBM/DAE-FN blended
film, showing a comparably more rough film for the blended case than for
the pristine semiconductor.
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5 nm of the films, further reveals sulfur contents in the PCBM
blends but not in the ICBA blends (see Fig. S13 and S14, ESIT).
A higher sulfur ratio in the top part of the films, and thus,
corresponding lower ratio inside the films, could explain the
relatively lower mobilities of the ICBA blends compared to the
PCBM blends. It also indicates that the roundish structures as
seen by AFM for both ICBA and PCBM blended films cannot
easily be rationalized to only contain one species of the binary
blend for all cases. On the one hand, a complete inter-mixing of
the two molecules would most likely result in a more pronounced
decrease in charge mobility, since intercalation of DAEs in between
fullerenes would hinder efficient charge transport among adjacent
fullerenes. On the other hand, complete phase segregation would
probably not be advantageous from a switching perspective, since
the two materials would not physically and energetically interact
leading to a smaller current modulation upon photoisomerization.

Conclusion

In summary, we have demonstrated that the electron transport
in an organic TFT can be photomodulated by blending an
n-type molecular semiconductor with a suitable photochromic
system. By comparing the effect on four different combinations
of fullerenes/diarylethenes blends we found that the modulation
of the current on photoisomerization depends on the ability of
the photochromic molecule to act as an electron-accepting level
in the active channel, which is in accordance to established
theory. This clearly demonstrates the generality and versatility of
our approach to introduce photoswitchable systems, which
allow for light-controlled modulation of their energy levels to
interact with either holes or electrons, depending on the nature
of the matrix, i.e. p-type or n-type. Importantly, we have been
able to implement photoaddressability in our hybrid photochromic-
semiconductor transistors without sacrificing their intrinsic perfor-
mance as they exhibit field-effect mobilities comparable to those
of pristine devices, thereby demonstrating the effectiveness of
our blending approach.

Experimental section

Details on synthesis, solution spectroscopy, Auger spectroscopy and
cyclic voltammetry of DAE-FN and DAE-F are provided in the ESL¥

TFT preparation

Bottom-gate bottom-contact transistors were fabricated on
heavily doped n-type silicon wafers serving as a gate electrode
with 230 nm thick thermally grown, HMDS treated, SiO, as the
dielectric layer (C; = 15 nF em ) and having pre-patterned gold
electrodes (IPMS Fraunhofer). The pre-patterned substrates
were cleaned by ultrasonication first in acetone and then in
propanol, where after they were immersed in a 0.5 mM
1-undecanethiol solution (ethanol) over night. Pristine semi-
conductors or semiconductor/DAE blends (blend ratio 5/1 by
weight in all cases) were spin-coated from chlorobenzene
solution (10 and 20 mg ml ™", spin-coated at 500 and 800 rpm,
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for PCBM and ICBA devices, respectively) on the thiol treated
samples in a nitrogen filled glovebox.

Electrical characterization

Electrical characterization of the devices was performed at room
temperature in a N, atmosphere inside a glovebox, using a
Cascade Microtech M150 probe station and a Keithley 2636A
controlled by Labtracer software. Field-effect mobility and thresh-
old voltage were extracted from the saturation regime. For switch-
ing experiments, a Polychrome V (Till Photonics) light source was
used to irradiate the transistors at 320 & 7.5 nm (180 uW em™~?) or
540 + 7.5 nm (8.2 mW cm™ ) for 30 s or 10 min, respectively. After
irradiation the drain current was extracted at Vg = 120 and 80 V
for PCBM and ICBA transistors, respectively, taken from full Ip—-
Vg curves performed at Vp = 40 V.

Spectroscopy of thin films

Thin films of semiconductor/DAE blends were made by spin-
coating (2500 rpm) the material dissolved in chloroform (5 to 1
ratio by weight) on glass substrates. The films were irradiated
using light emitting diodes with emission wavelengths centered at
315 nm (150 uW cm™?; UVTOP310-HL-TO39, Roithner Lasertech-
nik) or 530 nm (3.8 mW cm™2; M530F1, Thorlabs). A JASCO V-630
spectrophotometer was used to record the absorbance spectra of
the films, and the absorbance at 540 or 590 nm were used to
monitor the absorbance evolution with time for the DAE-FN and
DAE-F blends, respectively. The films on glass substrates were
somewhat thicker than those prepared on the TFTs, which
resulted in longer UV irradiation times needed for complete
photoisomerization to occur due to optical inner filter effects.

AFM characterization

A Veeco Dimension 3100 AFM running with a Nanoscope IV
controller was used. AFM images were recorded in the intermittent
contact (tapping) mode under ambient conditions using standard
silicon cantilevers (Veeco MPP-11120-10).

2D-GIXD

Diffraction patterns are collected using synchrotron radiation
at the Stanford Synchrotron Radiation Lightsource (SSRL).
Experiments were carried out with an incident beam of 12.7 keV
at a grazing angle of 0.1° and expressed as a function of the
scattering vector g = 4nsin(0)/2. Here 0 represents half of the
scattering angle, A is the wavelength of the incident beam, g, is
the component of the scattering vector parallel to the substrate
plane and g, is the component perpendicular to the substrate plane.
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