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Quasi-1D Polymer Semiconductor-Diarylethene Blends:
High Performance Optically Switchable Transistors

Yusheng Chen, Hanlin Wang, Hu Chen, Weimin Zhang, Shunqi Xu, Michael Pétzel,
Chun Ma, Cang Wang, lain McCulloch, Stefan Hecht, and Paolo Samori*

Optically switchable field-effect transistors (OSFETs) are non-volatile photonic
memory devices holding a great potential for applications in optical
information storage and telecommunications. Solution processing of blends
of photochromic molecules and z-conjugated polymers is a low-cost protocol
to integrate simultaneously optical switching and charge transport functions
in large-area devices. However, the limited reversibility of the isomerization of
photochromic molecules due to steric hindrance when embedded in ordered
polymeric matrices represents a severe limitation and it obliges to incorporate
as much as 20% in weight of the photochromic component, thereby
drastically diluting the electronic function, limiting the device performance.
Herein, a comparative study of the photoresponsivity of a suitably designed
diarylethene molecule is reported when embedded in the matrix of six
different polymer semiconductors displaying diverse charge transport
properties. In particular, this study focuses on three semi-crystalline polymers
and three quasi-1D polymers. It is found that 1% w/w

of 1,2-bis(5-(3,5-di-tert-butylphenyl)-2-methylthiophen-3-yl)cyclopent-1-ene in
a blend with poly(indacenodithiophene-co-benzothiadiazole) is sufficient to
fabricate OSFETs combining photo-modulation efficiencies of 45.5%,
mobilities >1 cm? V-'s~1, and photo-recovered efficiencies of 98.1%. These
findings demonstrate that quasi-1D polymer semiconductors, because of their
charge transport dominated by intra-molecular processes, epitomize the
molecular design principles required for the fabrication of high-performance
OSFETs.

1. Introduction

During the last decade, the controlled
incorporation of functional molecules in
semiconducting matrices has been demon-
strated as a powerful approach to fabri-
cate multifunctional devices. Such a strat-
egy is particularly suitable when employing
photochromic molecules for the develop-
ment of light-responsive and thus optically
controllable and programmable electrical
devices. In this context, hybrids compris-
ing azobenzene,'”! spiropyran,!®!! and
diarylethenel'>*] have garnered great at-
tention for application in data storage,
imaging, and sensing. Among them, di-
arylethenes (DAEs) have particular advan-
tages since they can undergo reversible
isomerization between the open and the
closed states when irradiated with UV and
visible (Vis) light, respectively. While the
two states are thermally stable at ambi-
ent conditions, they exhibit vastly differ-
ent energy levels of their frontier molec-
ular orbitals, i.e., the lowest unoccupied
molecular orbital (LUMO) and the high-
est occupied molecular orbital (HOMO).[¢!
Thus, DAEs are particularly adapted for
optically modulating charge transfer in
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blends with organic semiconductors upon irradiation at dis-
tinct wavelengths. Optically switchable field-effect transistors
(OSFETs) based on DAEs combined with different z-conjugated
polymer matrices featuring various microstructures and molec-
ular weight have been thoroughly studied. Undoubtedly,
r-conjugated polymers with a lower degree of crystallinity
are favorable candidates for OSFETs, since crystalline poly-
mer matrices can sterically hinder the switching process of
the photochromic molecules leading to irreversible photo-
isomerizations and low photo-recovered efficiencies (PRE).['1°]
However, the use of less ordered z—z stacked assemblies based
on amorphous polymers determined a lower efficiency in the
intermolecular charge transport, resulting in lower mobilities
characterizing the previously reported OSFET devices./20!]
Therefore, finding a trade-off between these two opposing
effects, i.e.,, high PRE and high device mobility (exceeding
0.1 cm? V7! s71), is highly sought after and it represents a
major challenge in OSFETs research.?2?3] Moreover, the use
of high amount of DAEs in the active blend has two opposite
effects: it offers an increased light-gating effect yet it yields
a major decrease in the device mobility compared with the
pristine polymer. In previously reported OSFETS, to achieve
high photo-modulation efficiencies (PMEs), as much as 20%
in weight of DAE in polymer matrices was utilized because
of the small energy offset (<0.4 eV) between the HOMO of
closed DAEs and polymers, yielding a loss of device mobility
of ~50%.12*] However, one can expect that the selection of
DAE and polymers with a larger energy offset can enable high
photo-modulation also upon using a smaller relative amount
of DAE, thereby imposing a minimal decrease in the device
mobility.

Notably, most of the building blocks used in D-A conju-
gated polymer, i.e., diketopyrrolopyrrole (DPP), (E)—1,2-bis(3,4-
difluorothien-2-yl)ethene (TVT), and 2,2’-bithiophene (TT), dis-
play a high degree of conformational flexibility as evidenced
by their tendency to undergo bending, chain folding, entan-
glement, or twisting out of coplanarity thus yielding insuffi-
cient intramolecular charge transport. Conversely, long-range z-
conjugated polymers, named quasi-1D polymers, display suf-
ficient intramolecular charge transport through their rigid z-
conjugated backbone, which is achieved by embedding fuse-ring
repeating units and by introducing non-covalent interactions
between the building blocks.?*?%] Importantly, compared with
branched alkyl chains on the g position, such as 2-ethylhexyl, 2-
hexyldecyl, 2-octyldodecyl, and 2-decyltetradecyl, the introduction
of branched alkyl side chains on the backbone position in quasi-
1D polymer yields a weaker tendency toward z—z intermolec-
ular stacking, leading a nearly-amorphous film morphology.*’!
As a result, high field-effect mobilities and amorphous nature
can be simultaneously obtained in quasi-1D polymer simulta-
neously. By devising unique structures comprising fused-rings
of electron donor or acceptor building blocks, a series of quasi-
1D polymers with mobilities approaching 1 cm? V-! s7! have
been designed and synthesized.[*132] While hitherto the perfor-
mance of OSFET incorporating blends of DAEs and semicon-
ducting polymers possessing different microstructures (amor-
phous, semi-crystalline, and highly crystalline) have been thor-
oughly investigated,!'”] the use of DAEs blends with quasi-
1D polymers, characterized by sufficient intramolecular charge
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transport and amorphous morphology, has not been explored
thus far and holds significant potential for boosting the device
performance.

Aiming at developing OSFET displaying simultaneously
extremely high PREs, high PME, and high field-effect mobilities,
in this work we have blended photochromic DAEs with quasi-1D
semiconducting polymers and revealed the effect of the DAEs
switching on intramolecular charge transport within the conju-
gated polymer matrix (Figure 1). In particular, we have focused
on poly(indacenodithiophene-co-benzothiadiazole) (IDT-BT) as
archetypical quasi-1D polymer to uncover the molecular de-
sign guidelines for next-generation high-performance optically
switchable transistors. To gain insight into the role of the chem-
ical structure and rigidity of the z-conjugated backbone that
can be expected to determine different intramolecular charge
transport characteristics, we have extended our study to semi-
crystalline polymers poly(diketopyrrolopyrrole-co-thiophene)
(DPP3T). Both polymers were functionalized with different alkyl
side chains that endow high solubility, yet they prevent ordered
stacking if grafted directly to the backbone (Figure 1a).?3] The
particular DAEs derivative, 1,2-bis(5-(3,5-di-tert-butylphenyl)—2-
methylthiophen-3-yl)cyclopent-1-ene (DAEtBu), was chosen
to exhibit a photo-induced modulation of its HOMO level to
assure hole trapping in the closed but not in the open state
(Figure 1la,b) and to avoid aggregation and thus phase sep-
aration of the photo-switchable component.**! Comparative
studies on the photochemical properties and morphology of
polymer/DAEs blend film were carried out by UV-vis ab-
sorption spectroscopy and atomic force microscopy (AFM),
respectively. OSFETs with various DAEs blending ratio were
fabricated and characterized by investigating their response to
the exposure to light at different wavelengths. Temperature-
dependent measurement of OSFETs provided key insight into
the charge transport mechanisms existing in the polymer/DAEs
blend films. To attain a deeper understanding and demon-
strate the general relevance of the use of quasi-1D polymers
to attain high performance in OSFET, we have investigated
two additional quasi-1D polymers with fused ring backbone
structure, i.e., poly(thienoindenofluorene-co-benzothiadiazole)
(TIF-BT) and poly(thiophenebenzo[b]indacenodithiophene-co-
benzothiadiazole) (TBIDT-BT), and two further semi-crystalline
polymers, i.e., poly(diketopyrrolopyrrole-co-benzothiadiazole)
(DPPBT) and poly(diketopyrrolopyrrole-co-bithiophene)
(DPPA4T).

2. Results and Discussion

The chemical structures and respective energy levels of the six
n-conjugated polymers and the chosen photochromic molecule
are portrayed in Figure 1a,b. Among DAEs, we have focused
our attention to DAEtBu because of its matching frontier molec-
ular orbital energy levels, high reversibility and thus low fa-
tigue during switching, and limited tendency to undergo aggre-
gation because of its bulky side groups.?*l Moreover, the high-
est occupied molecular orbital (HOMO) values of DAEtBu in the
open and closed isomer, amounting to —5.60 and —4.80 eV, re-
spectively, are ideal in view of the HOMOs of the chosen poly-
mers in order to attain photo-modulated charge transport in a
process ruled by charge transfer. More specifically, the HOMO
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Figure 1. a) Chemical structures and b) energy levels of DAEtBu molecule and six z-conjugated polymers used in this work. c) Device structure of optical
switchable transistors including schematic illustration comparing the interactions involving the semi-crystalline versus quasi-1D polymers.

of the closed DAEtBu falls in the bandgap of the semicon-
ducting polymers, hence, the photochromic molecules act as
traps for hole carriers transported through the polymer ma-
trix. Instead, upon back-isomerization of the DAEtBu’s from the
closed to the open isomer a de-trapping process takes place.
As a result, multi-levels non-volatile readout current of the OS-
FETs is tuned by the isomerization of the DAEtBu within the
blend.*]

OSFETs studied in this work were fabricated in a bottom
contact/top-gate configuration (Figure 1c). To avoid dissolving
DAEtBu molecules at the air-solid interface, the dielectric layer
of perfluoro(1-butenyl vinyl ether) polymer (CYTOP) was spin-
coated on the top of the polymer/DAEs blend film by using a
special fluorinated solvent, which is an orthogonal solvent for
most common organic materials. UV light at A = 312 nm and Vis
light at 4 = 530 nm were irradiated from the device’s top through
semi-transparent gold/CYTOP stacked layer. The optical charac-
teristics of the gold/CYTOP stack are revealed in the spectrum
attesting a transparency of 52% and 35% at 530 and 312 nm, re-
spectively (see Figure Sla, Supporting Information). The dielec-
tric constant of CYTOP was defined in the sandwich structure
of Si/CYTOP/Au. Capacitance-frequency curves of these devices
(see Figure S1b, Supporting Information) provide a CYTOP’s ca-
pacitance of 1.8 nF cm™2.
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2.1. Photochemical Properties and Morphology of
Polymer/DAEtBu Blend Films

The photochemical isomerization of DAEtBu as monocompo-
nent film and when embedded in the polymer matrixes of DPP3T
and IDT-BT has been investigated by UV-vis absorption spec-
troscopy. The resulting UV-vis spectra of DAEtBu neat film
(Figure S2a, Supporting Information) reveal successful isomer-
ization of DAEtBu from the open to the closed isomer upon
UV irradiation (312 nm for 5 min), yielding a new broad ab-
sorbance feature between 400 and 650 nm. Full reversibility
to the initial spectra is achieved upon irradiation with visible
light (530 nm for 10 min) by triggering the back-isomerization
from the closed to the open isomer. The comparative study on
the photo-isomerization of DAEtBu when embedded in DPP3T
and IDT-BT was carried out by exploiting the same irradiation
power and exposure time, in a polymer:DAEtBu blend film with
a 90%:10% weight ratio supported on quartz substrate (Figure 2).
For the sake of comparison, spectroscopic analysis of the neat
polymer films has been carried out as well and the spectra did
not show any significant shift when mixed with DAEtBu, sug-
gesting a minor influence of the bending on the z—z stacking
between adjacent polymer chains (see Figure S2b, Supporting
Information). Absorbance value changes in bi-component films
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Figure 2. UV-vis absorption spectra of a) DPP3T/DAEtBu blend film and b) IDT-BT/DAEtBu blend film upon UV light irradiation and visible irradiation.
The inset presents the differential changes in absorbance after light irradiation. c) In-plane X-ray diffraction of DPP3T neat film and DPP3T:DAEtBu
bi-component film. d) In-plane X-ray diffraction of IDT-BT neat film and IDT-BT:DAEtBu bi-component film.

subjected to light irradiation are portrayed in the inset of Figure 2.
When irradiated with UV light both bi-component films display
slightly enhanced absorbance at 530 nm accompanied by reduced
absorbance at 312 nm, indicating the formation of the closed
DAEtBu isomer. However, when subsequently exposed to visi-
ble light these two blend films display a different degree of ab-
sorbance recovery, which is evident from the change in the ab-
sorption coefficient at 530 nm. In particular, upon irradiation
with 530 nm light, the DPP3T based blend exhibited a limited
recovery (i.e., 30%), whereas the IDT-BT based blend recovered
to much larger extent (i.e., 75%). These results indicate that the
steric hindrance brought into play by the tighter packing within
the DPP3T films hinders the DAEs’ back-isomerization from
closed to open isomer. Such a steric hindrance is limited when
IDT-BT is employed, yielding a more efficient recovery of the
open state.

In-plane X-ray diffraction (XRD) analysis was carried out to
elucidate the molecular packing and crystalline microstructure
of polymer/DAEs drop-cast thin film, as shown in Figure 2c,d.
A strong diffraction peak for DPP3T neat film was observed
at 20 = 4.8°, corresponding to 1.84 nm lamellar stacking dis-
tance along the alkyl side chain direction (100).3¢] Conversely,
in stark contrast with semi-crystalline microstructure in DPP3T
neat film, the neat IDT-BT films revealed the absence of the (100)
peak at 20 = 3.9° but a clear (001) peak at 20 = 5.3°, suggesting an
intramolecular order that endow efficient charge transport along
the repeating unit of backbone with a length of 1.66 nm.(*% Bi-
component films containing 10% w/w of DAEtBu show a subtle
shift (~0.1°) of the DPP3T (100) diffraction peak and the IDT-
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BT (001) diffraction peak, indicating that the microstructure of
the polymer matrices were only mildly disrupted upon addition
of the photochromic molecule. The assembly of the neat poly-
mers and respective bi-component films at increasing content of
DAEtBu was investigated by AFM. Figure 3 displays a rather flat
grain-like morphology not evidencing the presence of a signifi-
cant phase separation between the polymer and DAEtBu com-
ponent. The root-mean squared (Rp,s) roughness of these films
was estimated in region of 5 X 5 um?. The Ry,¢ of neat films of
DPP3T and IDT-BT amounts to 0.42 and 0.51 nm, while the Ry
of blended films of DPP3T/DAEtBu (10%) and DPP3T/DAEtBu
(10%) provides Rpy values of 0.37 and 0.38 nm. This subtle de-
crease in the Ry, indicates that the DAEtBu molecules fill the
void space within the polymer matrix. Both the XRD and AFM
results demonstrate the good miscibility between the polymers
and DAEtBu, which is key to secure efficient physical and ener-
getic interaction between the two components, hence being ad-
vantageous for efficient current photo-modulation in the OSFET
devices.

2.2. Electrical Properties of OSFETs

The electrical properties of the DPP3T and IDT-BT mono-
component films and their blends with DAEtBu were investi-
gated by fabricating OSFETs in a bottom contact/top-gate con-
figuration. The channel length and width amounted to 200 and
20 mm, respectively. Transfer curves of both DPP3T and IDT-
BT based devices are displayed in Figures S3 and S4 (Supporting
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Figure 3. Morphology of a) DPPBT neat film and b) DPPBT/DAEtBu blend films with various blended ratio. c) IDT-BT neat film and d) IDT-BT/DAEtBu

blend films with various blended ratio.

Information). The control devices comprising neat DPP3T and
IDT-BT films did not exhibit any current photo-modulation upon
irradiation with UV and Vis light. DAEtBu was then added into
DPP3T and IDT-BT films with increasing weight ratio (at 1%,
3%, 5-10%). Although the mobility of DPP3T and IDT-BT based
films is similar, the photo-switching behavior is completely dif-
ferent (Figure 4a,b). After the first 5 min irradiation with UV
(312 nm) light, the drain-source current (Is) of all devices de-
creased significantly, because the UV triggered ring-closure of
DAEtBu, whose HOMO level act as trap level for the holes of the
semiconductor. For DPP3T-based devices, 1%, 3%, 5%, and 10%
closed DAEtBu in the blended film led to PME values of 28.1%,
40.9%, 61.0%, and 73.4%, respectively. In contrast, the same
amounts of 1%, 3%, 5%, and 10% closed DAEtBu blended in
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IDT-BT-based devices increase the PME to 45.5%, 87.5%, 92.3%,
and 97.9%, respectively. The general trend of increasing PME
with increasing DAEtBu content correlates with the greater num-
ber of traps generated by irradiation within the film. Interestingly,
IDT-BT-based devices exhibited excellent PMEs even with a mini-
mal content of the photochromic molecule, i.e., 1% and 3%. Such
aresult can be attributed to the larger HOMO level gap (>0.6 V)
between IDT-BT and closed DAEtBu. On the other hand, visible
light irradiation for 10 min at 4 = 530 nm of the DPP3T-based
devices showed only a modest recovery of Ig, presumably due
to the sterically hindered back-isomerization of DAEtBu embed-
ded into the ordered polymer matrixes, overall resulting in de-
creasing field-effect mobilities. Conversely, upon visible light ir-
radiation, the 1% and 3% DAEtBu blend IDT-BT-based devices
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Figure 4. Reversible modulation of drain-source current through blends of a) DPP3T/DAEtBu, and b) IDT-BT/DAEtBu based OSFETs upon cycling UV
(372 nm, violet shaded areas) and visible light irradiation (530 nm, green shaded areas) at V; = Vp = —60 V. An Arrhenius plot of ¢) IDT-BT-based

devices and d) DPP3T-based devices.
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displayed a nearly full recovery of the initial I, as attested by
PRE values of 98.1% and 93.8%, combined with excellent mobil-
ities of over 1 cm? V-1 s7! for both 1% and 3% DAEtBu blended
IDT-BT-based devices, fulfilling the requirement for a practical
application. In the IDT-BT-based devices, increasing the amount
of DAEtBu up to 5% and 10% caused a lowering of the PRE to
74.3% and 29.5%, respectively. Such observations can contribute
to a steric hindrance on the DAEtBu switching determined by
the limited crystalline nature of the IDT-BT matrix, which leads
to an irreversible light responsiveness of the current in the de-
vice thus also a lower PRE. Expectedly, upon a further second
UV/Vis light irradiation cycle, in the 1% and 3% DAEtBu blended
IDT-BT-based device, relatively high PRE with values of 97.0%
and 82.2% were achieved. Compared with the PRE value in first
light irradiation cycle, lower PRE in second cycle of all the de-
vices indicated charge transport in the thin film potentially influ-
enced by the formation of the photochemically irreversible cyclo-
annulated isomer of DAEtBu.l*’] To further investigate the photo-
stability of IDT-BT/DAEtBu based OSFETs, the normalized I
taken from the transfer curves obtained during ten measured cy-
cles was plotted in the Figure S5 (Supporting Information).!?3!
After ten cycles of photo irradiation, the IDT-BT/DAEtBu
based OSFETs retain the photo-switching behavior with PME
of 91.5% and PRE of 61.0%, providing evidence for a high
photo-stability.

To elucidate this different photo-switching behavior,
temperature-dependent electrical characterizations were carried
out, as shown in Figures S6 and S7 (Supporting Information).
The mobilities at different temperatures (220-300 K) were
extracted as described above and are shown in an Arrhenius plot
(Figure 4c,d), which allowed to quantify the activation energy
(E,) of 67.9 and 36.7 meV for DPP3T and IDT-BT, respectively.
The device mobility is a quantification of charge transport rate
in organic semiconductors. In conjugated macromolecules
the charge transport depends on both intermolecular and in-
tramolecular thermally activated electron hopping. The mobility
of devices depends on temperature as expressed by umexp
(—=Ex/ky T), where k, and T are the Boltzmann constant, and
temperature, respectively. The intramolecular charge transport
in localized z-molecular orbitals needs to overcome the energy
barrier due to the hopping between adjacent repeating units.
However, twisted, entangled, and folded molecular chains in
conjugated polymer lead an energetic disorder of the molecular
orbital, resulting in larger energy barriers required in inter-
molecular charge transport.[***3] Extremely low E, observed
in the IDT-BT-based devices indicates the predominance of
intramolecular charge transport within the polymer matrix
when compared to the case of DPP3T polymer. Upon blending
with 3% open or closed DAEtBu, the E, of both blends displayed
only a subtle change, amounting to 70.8 meV/63.3 meV and
31.6 meV/43.2 meV in DPP3T and IDT-BT based devices, re-
spectively, which suggests the charge transport behavior is just
barely influenced by the DAEtBu present, regardless ofits open
isomer or closed isomer. Moreover, the current successfully
modulation in DPP3T-based and IDT-BT-based device provides
unambiguous evidence that photochromic DAEtBu molecule
can photo-modulate both intermolecular and intramolecular
charge transport.
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2.3. Versatile OSFETs with Quasi-1D Polymers

To draw general conclusions on the photo-switching behavior of
DAEs when embedded in matrices of semi-crystalline or quasi-
1D polymers, OSFETs based on DPPBT, DPP4T, TIF-BT, and
TBIDT-BT were fabricated and measured, keeping a DAEtBu
blend weight ratio of 3%. The morphologies of the neat poly-
mer films and their blend with DAEtBu were monitored by AFM
(Figures S8-S11, Supporting Information) and the respective
transfer curves measured (Figures S12 and S13, Supporting In-
formation). Importantly, Figure 5 shows that the photo-switching
behavior of semi-crystalline polymers and quasi-1D polymer-
based blends is remarkably different. OSFET devices compris-
ing DPPBT and DPP4T exhibit an irreversible I, after 10 min
visible light irradiation, with PRE of 26.4% and 42.0%, respec-
tively. Noteworthy, when compared with IDT-BT, donor-acceptor
conjugated polymer DPPBT contains the same acceptor unit but
different donor moiety, demonstrating that a large fuse-ring back-
bone structure is a key feature for optimal material design in OS-
FETs. On the contrary, superior PREs with values of 51.5% and
73.7% were obtained in TIF-BT-based and TBIDT-BT-based OS-
FETS, respectively. In the second irradiation cycles, PRE of 30.2%
and 59.2% were recorded. Furthermore, the large energy level
gap (>0.7 eV) between the closed DAEtBu and the polymer TIF-
BT/TBIDT-BT leads to the highest PME of 94.3%/99.9%. Corre-
spondingly, due to the small energy level gap (<0.1 eV) between
the HOMO levels of open DAEtBu and that of both TIF-BT and
TBIDT-BT, the mobility of TIF-BT-based and TBIDT-BT-based
OSFETs decreased after blending from 1.09 to 0.77 cm? V-1 s7!
and 0.50 to 0.30 cm? V! 571, respectively. Instead, a small mobil-
ity decreases from 1.35 to 1.14 cm? V-! 57! was observed in IDT-
BT blend-based devices containing 3% of DAEtBu. In fact, the
position of the HOMO levels of IDT-BT is ideal for OSFETs appli-
cation. More precisely, it exhibits a maximum energy gap (0.6 eV)
between IDT-BT and closed DAEtBu to guarantee sufficient PME
combined with a small energy gap (0.2 eV) between IDT-BT and
open DAEtBu, thereby preventing the occurrence of thermal ac-
tivated charge carrier trapping hence not significantly affecting
the device mobility of the pristine polymer. All the most relevant
parameters characterizing these devices are provided in Table 1
and Table S1 (Supporting Information). They reveal that the opti-
cal response brought into play by the presence of DAEtBu in the
polymer matrix significantly affects the device mobility, whereas
it has a minor influence on all other device parameters.

3. Conclusion

The blending of a photochromic diarylethene with different
polymeric semiconductors was employed to increase the func-
tional complexity of organic field-effect transistors by impart-
ing them with reversible optical switchability. In order to si-
multaneously maximize the device mobility, PME, and PRE, we
have carried out an in-depth investigation of the performance
of a previously optimized DAEs blended with high mobility -
conjugated polymers featuring two types of microstructures. We
found that the DAEs are capable of trapping charge carriers not
only participating to intermolecular transport processes, but also
to intramolecular ones. Hence, polymers displaying a limited
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Figure 5. Reversible modulation of drain-source current of a) DPPBT/DAEtBu based, b) DPP4T/DAEtBu based, c) TIF-BT/DAEtBu based and d) TBIDT-
BT/DAEtBu based OSFETs over irradiation cycles with UV irradiation (312 nm, violet shaded areas) and visible irradiation (530 nm, green shaded areas)

atVg =Vp=—60V.

propensity to form crystalline assemblies and extended planar
fuse-ring structures represent better candidates for the fabrica-
tion of high-performance OSFETs. Upon comparing a series of
quasi-1D polymers combined with DAEtBu, we found that IDT-

Table 1. Summary of key parameters of OSFETs.

System Initial Mobility Roughness PME [%]?) PRE [%]°)
[em? V71571 [nm]

Istcycle  2nd
cycle

DPP3T w/o DAEtBu 0.75 0.42 - - -
1% DAEtBu 0.90 0.40 28.1 75.5 70.4
3% DAEtBu 0.97 0.39 40.9 63.0 56.3
5% DAEtBu 1.01 0.37 61.0 42.9 40.7
10% DAEtBu 1.18 0.37 73.4 29.4 24.4

IDT-BT w/o DAEtBu 1.35 0.51 - -

1% DAEtBu 1.16 0.49 45.5 98.1 97.0
3% DAEtBu 1.14 0.45 87.5 93.8 82.2
5% DAEtBu 0.87 0.43 92.3 743 68.2
10% DAEtBu 0.85 0.38 97.9 29.5 21.7

DPPBT w/o DAEtBu 0.090 1.28 - - -
3% DAEtBu 0.094 0.59 74.1 26.4 19.1

DPP4T w/o DAEtBu 0.69 1.60 - - -
3% DAEtBu 0.69 1.34 60.4 42.0 385

TIF-BT w/o DAEtBu 1.09 0.88 - - -
3% DAEtBu 0.77 0.61 94.3 515 30.2

TBIDT- w/o DAEtBu 0.50 2.54 - - -
BT 3% DAEtBu 0.30 0.96 99.9 737 592

* The PME valuE was calculated by estimating the percentage of UV-reduced Iy ver-
sus initial /. ) The PRE value was calculated by estimating the percentage of Vis-
recorded g versus initial /.
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BT is the ideal polymer in view of its HOMO level with respect to
the HOMO of the open and closed state of the photochrome. As a
result, high performance optical switchable transistors with mo-
bility of 1.16 cm? V=1 71, PME of 45.5% and PRE of 98.1% were
realized based on solution processing of blends of IDT-BT and
DAEtBu forming thin films. Such an understanding over the mi-
crostructure and energy level versus current photo-switching be-
havior is of general applicability to n-type and ambipolar quasi-1D
polymer/DAEs-based OSFETs.[*~*¢] This universal strategy rep-
resents a major step forward in OFET'S and is highly relevant also
for the development of FETs capable to respond to other external
stimuli via the controlled interfacing of the conjugated polymer
with functional molecules imparting the responsiveness of in-
terest, toward future rational design of multifunctional materials
and devices.

4. Experimental Section

Materials:  All z-conjugated polymers and photochromic molecules
were synthesized according to the reported procedures.!'647-50]
The molecular weight (M,/M,,) of DPP3T, DPP4T, DPPBT, IDT-
BT, TIF-BT, and TBIDT-BT is 34.7k/63.9k, 43.0k/75.3k, 55.0k/88.7k,
103k/245k,  87k/178k, and  82k/212k, respectively. Anhydrous
chlorobenzene was purchased from Sigma-Aldrich. CYTOP (CTL-
809 Mm; Asahi Glass) solution was purchased from AGC Chemicals
Europe Ltd.

Solution Preparation: ~ Sixty miliigrams of z-conjugated polymers were
dissolved in 10 mL of chlorobenzene, and then stirred at 80 °C overnight.
Sixty miliigrams of photochromic molecule DAEtBu were dissolved in
10 mL of chlorobenzene. DAEtBu-doping polymer solutions (1%, 3%, 5%,
and 10%) were prepared from mixing 100 mL polymer solution with 1 mL,
3 mL, 5 mL, and 10 mL DAEtBu solution, respectively. All solutions were
prepared in a nitrogen filled glovebox.

Characterization of Thin Films: The samples for UV/vis absorption
spectra measurement were prepared by spin-coating the solution on clean
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quartz, and the spectra were recorded on JASCO V-650 spectrophotome-
ter. Device irradiation was realized by using a monochromator set-up, with
either UV light (at 4 =312 nm, 0.3 mW cm~2) or green light (1 =530 nm,
10 mW cm™2). AFM images were recorded with a Bruker Dimension Icon
set-up operating under ambient conditions, in tapping mode. XRD pat-
terns were collected by the Bruker D8 ADVANCE diffractometer on silicon
substrate and irradiation wavelength of X-ray is 0.15418 nm. The d-spacing
distance was estimated by Bragg’s law.

Fabrication and Characterization of Optical Switchable Transistors:  De-
vices were fabricated in a bottom contact/top-gate configuration, on
the substrates of ultra-flat glass (Ossila Company). The ultra-flat glass
substrates were cleaned with water, acetone, and alcohol in sequence
and dried under N, flow. The cleaned was further treated with UV-
ozone for 20 min. Interdigitated Cr/Au electrodes (1/25 nm) were de-
posited on the glass substrates through shadow masks. Subsequently,
the DAEtBu-doping polymer solution and neat polymer solution were
spin-coated at 1800 rpm for 1 min on the glass, and then dried at
90 °C for 10 min to get blending film and neat film. Dielectric layer
with thickness of 1 pm was spun from CYTOP solution, followed by
a thermal annealing at 90 °C for 10 min. A Gold electrode with thick-
ness of 30 nm was deposited through shadow masks. Devices were
characterized in a dry and nitrogen-filled glove box. The electric charac-
teristics were measured by a semiconductor parameter analyzer (Keith-
ley 2636). Temperature dependence measurements were carried out in
a customized Janis cryogenic probe station, combined with a semicon-
ductor parameter analyzer (Keithley 4200A SCS). The chamber pres-
sure was kept at ~10™> Pa and the error of temperature measurement
was +0.2%.

Supporting Information

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