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Abstract: Although co-crystallization has provided a promising
platform to develop new organic optoelectronic materials, it is still a
big challenge to purposely design and achieve specific optoelectronic
properties. In this contribution, we designed and synthesized a series
of novel mixed-stacking cocrystals (TMFA, TMCA and TMTQ) and
systematically investigated the regulatory effects of the acceptors on
the co-assembled behaviors, charge transfer nature, energy level
structures, and optoelectronic characteristics. Our results
demonstrate that it is feasible to achieve effective charge-transport
tuning and photo-response characteristics switching by carefully
regulating the intermolecular charge transfer and energy orbitals. The
inherent mechanisms underlying the change in these optoelectronic
behaviors have been deeply analyzed and revealed, which would
provide clear guidelines for future development of new optoelectronic
materials. In addition, due to the excellent photo-responsive
characteristic of TMCA, TMCA-based phototransistors have been
deeply investigated upon the changes of light wavelength and optical
powers, and TMCA displays the best performance among all reported
cocrystals under UV illumination.

Introduction

Organic optoelectronic materials have been witnessed a
significant growth in the past decades and have boosted the
innovative and disruptive applications in the fields of OFETs
(organic field-effect transistors),**! OLEDs (organic light-emitting
diodes),*® OPVs (organic photovoltaics),®” OPDs (organic
photodetector)®9 and etc., owing to their superiorities in sensitive
and selective light absorption and good photogeneration yield in
awide spectral region as well as their low-temperature, large-area
and cost-effective processability for real industry. Although many
successes in design and synthesis of new optoelectronic
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materials have been achieved, the traditional synthetic procedure
is always grueling, time-consuming and resource-wasting.
Considering these disadvantages, very recently, a distinctive but
facile strategy of organic cocrystals (co-assembly of two or more
components via noncovalent interactions) has been aroused.[04
This method has been well employed in the exploration of
multifunctionalities such as electrical conductivity,**-*2 ambipolar
charge transport,'>14 light emision,!>7 ferroelectricity,[*8-29
photoconductivity®!l and etc., due to the induced versatile and
unpredicted physicochemical properties from the synergistic and
collective effects of every single component. Therefore, co-
crystallization has become a proven emerging strategy to explore
and investigate the new optoelectronic materials by rationally
choosing appropriate starting materials and controlling their co-
assembled structures. For example, through co-crystallization
strategy, the switch of charge-transfer characteristics from p-type
to ambipolar and n-type can be efficiently and economically
fulfilled.** 22 However, although numerous encouraging results
have been obtained in this field, it is still fumbling and elusive to
clearly outline and predict this kind of switch. Thus, understanding
what kind of situation and to what degree most likely lead to the
conversion of charge-transport characteristics is highly deserved
to be systematically investigated and addressed.

In addition to this, another intriguing point for the co-
crystallization is that this system has offered a perfect platform to
uncover the inherent mechanisms for the optoelectronic
properties, due to the long-order and controllable molecular p-n
junctions in cocrystals. Considering this, Zhu, Hu and co-workers
have made some preliminary attempts, that is, in analogy with the
bulk heterojunctions, the segregated donor (D) and acceptor (A)
packing motif with the interdigitated network might benefit for the
exciton separation as well as for photoconductivity and
photovoltaic applications. On this basis, they synthesized the
segregated-packing cocrystals of sulfur-bridged annulene
DPTTA-Cgo/C7o with light responsivity of 300 A/W and PCE of
0.27%.1*3- 23 However, the photoconductivity nature is still unclear
and they almost completely ignore in mixed-stacking co-
crystals.?t 24 Thus, it is highly deserved to input more efforts
(including the more comprehensive insights into the structure-
property relationship on the rationally co-assembled systems) to
elucidate the underlying mechanisms of this specific
optoelectronic property in cocrystals. Such mechanism is very
important for future development of new optoelectronic materials
with designed properties.

In this regard, we herein designed and synthesized a novel
mixed-stacking system with the similar stoichiometric ratio (1:2 for
D:A) of TMIQ-BQs, i.e., TMIQ-Chloranil (TMCA, CCDC number:
1953692), TMIQ-Fluoranil (TMFA, CCDC number: 1953693) and
TMIQ-TCNQ (TMTQ, CCDC number: 1953694), by rationally



selecting a newly synthesized T-diindolodiazapentacene,
8,8,18,18-tetramethyl-8,18-dihydroindolo[1,2,3-
fg]indolo[3',2',1":8,1]quinolino [2,3-b]acridine (TMIQ, Scheme S1)
as the donor and three benzoquino-analogs (BQs) with different
electron-withdrawing abilities as acceptors (p-chloranil, CA; p-
fluoranil, FA; tetracyanoquinodimethane, TCNQ) (Figure 1). Their
co-assembled behaviors, charge transfer nature, energy level
structures, and optoelectronic characteristics are systematically
investigated. We have fulfilled a regulatory of charge transport
nature (from hole transport of TMCA and TMFA to electron
transport of TMTQ) and photo-responsive characteristic
(diminishing photo-response from TMCA and TMFA to TMTQ)
through carefully controlling the intermolecular charge transfer
(ICT) and molecular energy orbitals (MO). Moreover, we also
revealed the “structure-property” relationship and gave a deeper
understanding of the inherent mechanisms of charge-transport
and optoelectronic characteristics switch in cocrystals with mixed-
stacking modes. Finally, due to the excellent photo-response
property of TMCA, the TMCA-based phototransistors are firstly
fabricated and systematically studied and TMCA shows the best
performance among all reported organic cocrystals.

Results and Discussion

Cocrystal Assembled Behavior: We firstly investigate the co-
assembled behaviors of these cocrystals upon the different
electron-withdrawing acceptors. As shown in Figure 1a,
cocrystals of TMFA and TMCA (black rod-like crystals) were
obtained at the same condition by mixing TMIQ (D) and Fluoranil
or Chloranil (A) together with a molar ratio of 1:2 through a
solution process method (Figure 1b, see details in Experimental
Section of Sl). Both X-ray photoelectron spectroscopy (XPS)
analysis and Energy dispersive X-ray spectroscopy (EDS)
element mapping (Figure S1, S2 and S3) proved the co-assembly
of two components with the coexistence of elements N, O and F
(or Cl) in the final product. Differential scanning calorimetry (DSC)
measurement, with the smooth baseline and sharp melting peak
(Figure S4), confirms the crystal structure without the included
solvent molecules, and besides, the different melting point,
comparing with those of single components, further denotes the
significantly changed intermolecular interactions after co-
crystallization,?! indicating the formation of new lattice structure.
Moreover, the typical powder X-ray diffraction (PXRD) profiles of
cocrystals (TMFA and TMCA) exhibit different peaks from single
components. These peaks are in line with the correspondingly
simulated crystallographic data, further proving the success of co-
crystallization process (Figure S5 and Figure S6).

Single crystal X-ray diffraction (SCXRD) is further performed to
give insight of their molecular packing and driving forces for the
co-assembled process. Both TMFA and TMCA co-crystallize into
a P2;/c space group (monoclinic system) with the former unit-cell
dimensions of a = 15.872(3) A, b=6.731(2) A, c =21.563(7) A, a
=90°, B=127.690(19)°, y = 90°, and the latter cell parameters of
a=11.5873(16) A, b = 6.8557(5) A, c = 24.8500(19) A, a = 90°, 8
= 90.062(6)°, y = 90° (Table S1). Although the replacement of
halogenated substitutes in acceptors (A) produces a similar co-
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assembled manner, molecular packing and interactions are
significantly affected. Generally, in the crystal structure of TMCA,
the D and A (with a 1:2 stoichiometry) stack alternately into
columns along b axis with a mixed fashion, and the intermolecular
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Figure 1. (@) The molecular structures of TMIQ, Chloranil, Fluoranil and (g)
TCNQ as well as their cocrystal TMCA, TMFA and TMTQ, together with the
optical graphs of their corresponding crystals. (b) Schematic diagram of the
cocrystal with a stoichiometry 1:2 (D:A). Molecular packing in (c, d) cocrystal
TMCA, (e, f) cocrystal TMFA and (h, i) cocrystal TMTQ.

D-A distance is around 3.22 (+0.07) A, which is obviously smaller
than the sum of the van der Waals radii of carbon atoms (3.4 A),128
indicating the strong D-A interactions (Figure 1c, Figure S7 and
Figure S8). Besides, the neighboring columns communicate with
each other via hydrogen -CH---O- (2.617 A, TMIQ with CA), -
CH---Cl- (2.872 A and 2.926 A, TMIQ with CA) and -CH---C-
(2.875 A, TMIQ with TMIQ) bonds (Figure 1d and Figure S8c).
The synergy of these non-covalent interactions gives rise to the
rod-like structures, which is also well proved from the morphology
predictions conducted on the growth morphology algorithm of
Material Studio software (Figure S11 and Table S1). In
comparison, although TMFA also co-assembled into rod-like
structure with D and A molecules packed along b axis in an
alternate arrangement, TMIQ molecules rotate an nearly 90°
angle with the long molecular side along a axis instead of along ¢
axis in TMCA cocrystal, while the lateral acceptors still array along
a axis, resulting in the more compact hydrogen-bond interactions
for neighboring D-A molecules (-CH---O- of 2.679 A, -CH---F- of
2.567 A and 2.618 A) but unfortunately losing the neighboring D-
D communications (Figure 1e, f, Figure S9, S10, S11 and Table
S2). Additionally, we also introduce a much stronger electron-
withdrawing benzoquino-analog (TCNQ) as the acceptor to
successfully harvest another black rod-like cocrystal TMTQ via a
similar method with the identically stoichiometric ratio of 1:2
(Figure 1g). However, the change of TCNQ has induced the



interposition of H,O in lattice, which brings about a perfect planar
D with the deflection angle decreased to 0° (9.17 ° for TMCA and
7.68° for TMFA) and thereby leads to a very different space group
of P-1 (triclinic system) for TMTQ with cell parameters of a =
6.6244(6) A, b = 10.9794(10) A, ¢ = 16.4181(16) A, a =
100.434(3)°, B = 95.274(4)°, y = 106.759(3)°. The dominated
driving force for the co-assembled behavior is D-A interaction with
alternately arranged D and A molecules along a axis, while the
neighboring columns communicate with each other through
hydrogen -CN---H- bonds (D with A) (Figure 1h, Figure S12).
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Figure 2. UV-vis-NIR absorption spectra of (a) TMCA; (b) TMFA and (c) TMTQ
as well as their correspondingly constituted single components in solid state
(samples in KBr to press pellets). Spatial enlarged FTIR spectra of powders for
(d, e) TMIQ, Chloranil and the TMCA cocrystal, and (f, g) TMIQ, Fluroanil and
TMFA cocrystal.

Intermolecular Charge Transfer and Molecular Energy
Orbitals (MOs): The ICT behaviors upon different acceptors in
the cocrystals are investigated due to their important role in
determining the final optoelectronic properties.['S 27281 Ag
depicted from UV-vis-NIR spectra analysis, although no
significant CT behavior in TMFA was observed in a mixed solution
(Figure S15a), the solid-state cocrystal exhibited a quite different
scene, new absorptions of T1 and T2 appear at energies lower
than the fundamental transitions of the isolated constituents
(Figure 2a), signifying the typical CT characteristics. Similar
phenomena were also observed in cocrystals of TMCA and TMTQ
(Figure 2b, ¢ and Figure S15). Notably, the optical band gap
deduced from the onset of the initial absorption exhibits a reduced
trend from TMFA (1.26 eV) to TMCA (1.20 eV) to TMTQ (1.05 eV),
indicating a controllable CT interaction and energy band
structures. Fourier transform infrared spectroscopy (FTIR)
analysis further proved this charge transfer nature (Figure 2 and
Figure S16, S17). For TMFA, there appeared apparent red-shifts
in stretching vibrations of C=C (Av=16 cm™), C=0 (Av=8 cm)
and C-F (Av=9~23 cm™) of FA (suggesting the negatively charged
co-former, Figure 2f and g),?? as well as the significant blue-shifts
of C-H, =C-H and N-H vibrations of TMIQ (indicating its positively
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charged, Figure S16).2% These vibrational changes after co-
crystallization attribute to CT transition through the DA, -CH---O-
and -CH---F- interactions between D and A, which is well
consistent with the analysis in the above-mentioned SCXRD.
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Figure 3. The molecular orbital energy level diagram of (a) TMFA, (b) TMCA
and (c) TMTQ cocrystal and the correspondingly single components. The
schematic diagram of simplified simulated energy orbital levels for the (d) hole
charge transport and (e) electron charge transport along the mixed stacking
direction for cocrystals TMFA, TMCA and TMTQ.

To more explicitly demonstrate this ICT transition and its effect
on the molecular energy levels, the computational calculations
are conducted at the Density Functional Theory (DFT) level with
the hybrid B3LYP/6-31G** exchange-correlation functional on
Gaussian 09 program and the corresponding scenario of single-
and supramolecular hybrid orbitals is schematically illustrated in
Figure 3. It states that the frontier MOs of D and A molecules are
hybridized, leading to a substantial energy-level splitting. For
example, TMFA cocrystal possesses the highest occupied
molecular orbital (HOMO) of -5.03 eV (below that of TMIQ (-4.82
eV)), the lowest unoccupied molecular orbital (LUMO) of -3.70 eV
(above that of FA component (-4.50 eV)), and a narrow band gap
(in accordance with the occurrence of new sub-bandgap
absorptions in UV/Vis/NIR spectroscopy, Figure 3a). This orbital
hybridization is ascribed to the DA interaction, where the -
charge-transfer from TMIQ to FA induces the rearrangement of
electron cloud and thus the formation of new orbitals.Y Notably,
in the cocrystal, the newly formed HOMO mainly distributes over
the donor component, while LUMO mainly localizes on the
acceptor, suggesting the weak CT interactions in the ground
state.’233  Similar signatures are also found in orbital
hybridization of TMCA and TMTQ cocrystals (Figure 3b and c),
yet resulting in an decreased frontier hybrid orbitals and reduced
band gaps (1.25 eV for TMCA and 0.88 eV for TMTQ), which can
be attributed to the enhanced degree of charge transfer (DCT).[4
DCT upon different accepotors was also estimated by the
Mulliken population analysis.*® The calculated dipole moment
(DM) exhibits an enlarged trend from 2.70 Debye for TMFA to
3.07 Debye for TMCA, then to 5.08 Debye for TMTQ (pointing to
D, Figure S18), indicating a strengthened CT transition with the
acceptors changed from FA to TCNQ. Correspondingly, the
estimiated DCT increases from 0.116 for TMFA to 0.287 for
TMTQ (0.165 for TMCA, Figure 3). In addition, accompanying with
the inceased DCT and decreased frontier hybrid MOs, enlarged
hole transport energy barriers (Figure 3d) but with more aligned
electron transport MOs (Figure 3e) from cocrystal TMFA to TMCA



to TMTQ are observed, indicating the potential to switch the
charge transport nature from hole transport to electron transport
via preciously controlling the modified acceptors.
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Figure 4. (a) Schematic diagram of the growth of cocrystal on the patterned
electrodes by the confined self-assembly method. (i) The patterned
source/drain electrodes on the OTS-modified SiO2/Si substrates with the W of
around 25 ym and L of about 5~7 pm. (ii) The dip-coating of cocrystal solution
on the substrate. (iii) The growing micro/nanoribbons across the source/drain
electrodes due to (iv) the formation of cocrystal arrays on the patterned
source/drain electrodes (upper: physical map). XRD patterns of the self-
assembled cocrystal micro/nano-rods on the OTS-modified SiO2/Si substrates
for (b) TMFA, (e) TMCA and (h) TMTQ. (c, f, i) Representative transfer and (d,
g, j) output curves of the BC OFET based on (c, d) TMFA, (f, g) TMCA and (i, j)
TMTQ micro-ribbons (insect: the corresponding device graph).

Charge Transport Characteristics: On account of above
predictions, the inherent charge transport of the cocrystals are
investigated on OFETs. Micro/nanocrystals suitable for the device
fabrication are prepared through drop-casting the mixed solution
onto the substrate, where TMIQ and co-formers recognize and
self-assemble in an orderly way (long ribbon) via non-covalent
interaction as behaved in bulk molecular co-crystals, which are
different from the single-component crystals under the same
condition (Figure S13 and S14). XRD patterns of these as-formed
micro/nanocrystals demonstrate that D, A molecules are
alternatively packed into micro-ribbons with the long edge
(conduction direction) along the mixed-stack direction (b axis for
TMFA, b axis for TMCA and a axis for TMTQ; Figure 3b, e and h),
which provides a perfect platform to investigate the optoelectronic
property regulatory. As well known, it has long been a big
challenge to pattern and precisely register organic
semiconductors within the transistor channel region over a large
area, which is crucial in bottom-up based strategy.%3"1 Solvent
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wetting/dewetting surface treatment has been reported to be an
efficient route to fulfill the precise positioning and patterning of
crystals,841 owing to the dewetting surface with poor affinity to
organic solvents (while wetting surface with good affinity). On this
basis, we herein explored a novel, facile and economic method to
pattern bottom-contact (BC) OFETs with cocrystal arrays as
depicted in Figure 4a, because the crystal is barely selectively
nucleated and self-assembled on the wetting electrodes. Thus,
this method can allow us to precisely register the crystalline
domains across the channel regions when the satisfying
conditions of W and L (see deails in Sl) are met.

All measurements were conducted under ambient conditions.
As predicted, the transfer and output curves (Figure 4c and d) for
a typical device based on a TMFA micro-rod (Figure 4c inset)
exhibit an ideally hole-transport characteristics in dark with the
extracted saturated mobility up to 0.54 cm?/Vs and an on/off ratio
of above 10° (average of 26 devices: y = 0.21 cm?/Vs, Figure
S18b). In comparison, the solely hole transport (Figure 4f, g) is
also observed in TMCA-based device (Figure 4f inset) but with an
inferior mobility (0.11 cm?/Vs, the average of 20 devices: y = 0.07
cm?/Vs, Figure S20a) five-fold lower than that of TMFA. However,
TMTQ micro-ribbon-based device exhibits an inverted polarity
with the charge transport switched to electron transport (mobility
up to 0.02 cm?/Vs, Figure 4i). Meanwhile, the linear relation of Isp
with Vsp at the small bias for different gate voltages indicates a
high-quality electrode/channel contact and an efficient charge
injection (Figure 4d, g, j).*? To illustrate this charge trasport
characteristics of cocrystals, the alignment of the simplified
energy orbital levels in the conduction (mixed-stacking) direction
is displayed, where the charge transport adopts a hopping
mechanism. As depicted in Figures 3d and e, the largest potential
well (energy barrier) for holes (0.53 eV) is obviously much
shallower (smaller) than that of electrons (1.12 eV) in TMFA,
leading to its dominated hole tranport, and so does TMCA but with
a larger energy barrier for holes (0.85 eV), accounting for its
decreased hole transport. While for TMTQ, the energy barrier for
electron transport (0.54 eV) is much smaller than that for hole
tranport (0.96 eV), which results in the switch to electron transport
behavior. The quantum simulations and first-principles electronic
structure calculations are conducted based on DFT with the
generalized gradient approximation (GGA) in the form of Perdew-
Burke-Ernzerhof (PBE) function for exchange-correlation
potential to more elaborately and intensively expore charge
transport behavior. As depicted in Figures 5a, b and c, the largest
dispersion contributing to the bandwidth is set along the alternate
stacking direction (Figure S21), indicating that the electronic
couplings for the carriers are mainly along this direction.*3 Here,
we evaluated the effective electronic couplings (t¢™) for holes and
electrons along the mixed-stacking direction through energy-
splitting approach from the D-A-D and A-D-A clusters (Figures
S22 and S23).4 As seen in Figure S23, TMFA exhibits
significantly better hole coupling (t™e of 11.16 meV) than that for
electrons (t*"ectron Of 5.31 meV), rationalizing the hole dominant
transport in the experiment result. Meanwhile, for TMCA, the as-
obtained much smaller t¢ for holes (7.76 meV) accounts very well
for its inferior hole transport (Figure S22).
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Figure 5. The band structures in (a) TMFA, (d) TMCA and (g) TMTQ system.
The typical transfer curves of phototransistors based on (b) TMFA, (e) TMCA
and (h) TMTQ microcrystals under dark and white light irradiation (0.23
mW/cm?), inset is the accordingly photocurrent on/off ratio at different gate bias.
The schematic diagram of simplified PIET process for (c) TMFA, (f) TMCA and
(u) TMTQ including photoexcitation, excitons formation and recombination.

Optoelectronic  Characteristics  and Phototransistor
Application: The photoresponsive behavior was further studied
by exploring the photocurrent and the corresponding
phototransistor schematic is depicted in Figure 6a. Under white
light illumination, significantly enhanced photocarriers  are
generated in TMCA-based device with the photocurrent on/off
ratio (P = (light - laark)/ldark) @bove 2x103 (Vg: 16 V, Figure 5e), which
is among the highest values for all reported organic cocrystals,*
13,16,23-24] gand the onset voltage (Von) positively moves, indicating
a photovoltaic effect.* @ In comparison, TMFA-based device
exhibits much inferior photoresponse with a decreased P (~500),
while TMTQ shows disappeared photoresponse (Figure 5b, h),
which is also evidenced from output curves (Figure S24). This
clear distinction of optoelectronic property can be reflected on the
photoinduced electron transfer (PIET)Y process and the
correspondingly simplified schematic representation is depicted in
Figures 5c¢, f, and i. Typically, in our cases of cocrystals, upon
photoexcitation of the donor to form the excited D*, there would
be a charge redistribution between D* and A, which can occur a
charge transfer from D* to ground-state A and result in the
formation of a radical cation D and a radical anion A*. This
process can enhance the charge carriers in solid state and
therefore induce a photocurrent. Nevertheless, a reversed charge
transfer (RCT) that causes the recombinantion of the electron-
hole pair also happens at the same time, which is a critical factor
to determine the eventual photoresponse. Apparently, in TMFA
and TMCA, the energy barriers induced by the hybrid MOs at the
D/A interface can hinder this RCT process, while in stark contrast,
the loss of the barrier in TMTQ makes the recombination happen
very easily, accounting for the disappeared photoresponsive
property. Besides, it is worth noting that although TMFA owns a
larger energy barrier (0.96 eV) than that of TMCA (0.4 eV), it
exhibits an inferior photoresponse property, which can be
atrributed to that the the network of D molecules, connected by
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the -CH---C- bonds, promotes the excitons seperation and offers
additional transport paths for holes in TMCA (Figure S25).
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Figure 6. (a) Schematic diagram of TMCA microrod-based transistor under 405
nm laser illumination. (b) Transfer characteristics of phototransistors based on
the cocrystal of TMCA under dark and different laser conditions (1P = 1 yW cm-
2). (c) Output curves of phototransistors under dark (solid line) and UV
illumination (dashed) with the powder density of 866.8 yW/cm?. (d) The
photocurrent (Ipn) as a function of the light power density. (e) The threshold
voltage shift (AVin) and the photocurrent on/off ratio (P) versus different laser
intensities. (f) The dependence of photoresponsivity (R) and specific detectivity
(D*) on different laser intensities.

The excellent photo-response of TMCA has supported
opportunities to explore its application in phototransistors, and
hence we systematically studied the TMCA-based
phototransistors upon the change of light wavelength and optical
powers (Figure 6). Under UV light illumination (405 nm) with the
increasing power densities from 6.7 yW cm to 866.8 yW cm,
the lign; is markedly enhanced and the according photocurrent (Ipn
= lignt - leark) Was instantly generated and gradually increased from
5.2 nA to 111 nA (Ve: 10 V, Figure 6b), and the maximum P
(photocurrent on/off ratio) is estimated to be 353 (light intensity:
866.8 uW cm2, Vg: 20 V). Ipn can be expressed by a simple law
(Ionoc P61y from the plotted log-log scale of I, dependence on the
light intensity and exhibits a sub-linear response, which can be
ascribed to the process involved in the trap states induced by the
defects or charge impurities present in the TMCA microrod and
the semiconductor/dielectric interface (Figure 6d).16-47 In addition,
the threshold voltage shift (AVy, towards more positive values)
also exhibits an approximately linear relationship as a function of
the power density and the maximum AV, is up to 73 V (Figure 6e),
which are derived from the trap sites filling effects by the
photogenerated carriers that causes the injection and
accumulation of additional holes in the active layer.[*®! Besides,
several other critical parameters to evaluate optoelectronic
performance, ie., photoresponsivity (R), external quantum



efficiency (EQE), detectivity (D*) and linear dynamic range (LDR),
are also performed.*? R, an important factor to determine the
efficacy of the generated Iy, upon the incident optical power and
expressed as R = I,n/Pin (Pin, the incident optical power), displays
a remarkable value of 3.0 x 10 A W under the power density of
6.7 yW cm2 at the depleted area (Vg = 10 V, Vps = -60 V) (Figure
6f). Meanwhile, EQE, a measure of photoconductive gain,
suggesting the generated number of the photo-induced charge
carriers per incidence photon, is estimated to be about 2.4 x
108 % at power density of 6.7 W cm2 (Vg = -4 V, Vps = -60 V)
from the formula EQE = (Ipn/e)/(Pin/hv) = hcR/eA, in which hc/A is
the photon energy of the excitation light and e is the electron
charge (Figure S26). The large EQE is the result of the combined
action of the charge traps in conduction channel and the band tail
states near the band edge.®*5 Under stronger excitation light,
both R and EQE exhibit a decreased trend, which is due to the
reduced lifetime caused by the enhanced recombination rate of
the photocarriers.®Y LDR, described by the linear range (Ipnmax to
lohmin) Of the photo-response vs the incident light irradiances
(defined logarithmically according to LDR = 20lg(loh,max/lph,min)), iS
an important metric to describe the device light sensing
characteristic (Figure 6d) and measured to be 27 dB. D*, a very
important figure of merit related to the sensitivity referring the
distinguishment from the background noise, is given by D* =
RAY?/(2elgan)? (A is the effective area of the device) when
assuming the noise current mainly dominated by the shot noise
from the dark current.l®! Figure 6f plots D* of device as a function
of different incident light intensities (Ve = 10 V), and it reaches
maximal value of 1.4 x 10%* Jones under an incident light density
of 6.7 yW cm?, obviously better than that for the commercial
silicon device (=102 Jones).*” It denotes that the cocrystals,
possessing the mixed stacking modes with alternately strong DA
overlap, still exhibit the appreciable photoconductivity. Moreover,
the irradiation light of the phototransistors was found to be
extended to the longer wavelength of 635 nm, under which it still
exhibits the photosensitivity but the optoelectronic nature
degenerated with maximum P of 105, R of 49 A W1, D* of 2.04 x
10*2 Jones and EQE of 9.5 x 10°® % compared with those under
405 nm illumination (Figure S27 and Figure S28), illustrating the
broadened wavelength absorption range. This result has
important implications for the future optoelectronic materials
synthesis.

Conclusions

In conclusion, we have designed and synthesized novel mixed-
stacking cocrystals (TMCA, TMFA and TMTQ) based on TMIQ
(D) and different co-formers (FA, CA and TCNQ). We tried to
understand how co-formers with different electron-withdrawing
abilities to affect the co-assembled behaviours, ICT nature,
energy level structures, and optoelectronic characteristics. These
crystals are co-assembled in a similar mode with the definite
stoichiometric ratio (D:A = 1:2), which can give different charge
transport nature (hole transport for TMFA and TMCA, and
electron transport for TMTQ) and different photo-response
characteristics (diminishing photo-response from TMCA and
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TMFA to TMTQ) through carefully regulating the intermolecular
charge transfer and energy orbitals. Because these co-crystals
possess the similar molecular packing in the conduction direction,
they can provide us a perfect platform to elaborately reveal the
inherent mechanisms underlying this switch of optoelectronic
behaviours in a mixed-stacking motif. Such understanding is very
important in the development of future optoelectronic materials.
Finally, accounting for the excellent photo-response of TMCA, the
TMCA-based phototransistors are deeply studied upon the
changes of light wavelength and optical powers with the maximum
P of 353, R of 3.0 x 10° A W1, D* of 1.4 x 10** Jones and EQE of
2.4 x 108 % under UV illumination. These values are the best ones
among all results of the reported organic cocrystals. Our results
prove that the co-crystallization can provide an alternative and
valid approach to purposively control and develop new
optoelectronic organic materials as well as explore the inherent
physicochemical properties.
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