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Organic phototransistors (OPTs), as the basic unit for organic image sensors, are emerging as one of the
most promising light signal detectors. High performance UV-sensitive phototransistors are highly desired
for the detection of UV light. Herein, by introducing the anthracene group to the 2,6-positions of
dithieno(3,2-b:2’,3'-d]thiophene, we designed and synthesized a new dithieno[3,2-b:2",3'-d]thiophene
derivative, 2,6-di(anthracen-2-yl)dithieno[3,2-b:2",3'-dlthiophene (2,6-DADTT). The
structure of 2,6-DADTT presents classical herringbone packing with multiple intermolecular interactions,
including S-+-S (3.470 A), S---C (3.304 A, 3.391 A, 3.394 A) and C-H---w (2.763 A, 2.822 A, 2.846 A, 2.865
A, 2885 A, 2.890 A) contacts. Single crystal organic field-effect transistors (SC-OFETs) based on 2,6-
DADTT reach a highest mobility of 1.26 cm? V™ s7 and an average mobility of 0.706 cm? V™ s%. 2,6-
DADTT-based single crystal organic phototransistors (OPTs) demonstrate photosensitivity (P) of 2.49 x
10°, photoresponsivity (R) of 6.84 x 10° A W™t and ultrahigh detectivity (D*) of 4.70 x 10 Jones to UV
light, which are among the best figures of merit for UV-sensitive OPTs. These excellent comprehensive
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Introduction

In recent decades, organic semiconductors (OSCs) have attrac-
ted intensive attention due to their advantages such as diverse
functional modification,'? light weight, intrinsic flexibility,*®
easy large-area solution processing,®*> and better compatibility
with a flexible substrate or biosystem,”'* and have found
applications in many fields, including organic field-effect tran-
sistors  (OFETs),"*2° organic light-emitting transistors
(OLETs),** organic light-emitting diodes (OLEDs),****" organic
photovoltaics (OPVs),** organic photo detectors (OPDs)***
and so on.

Organic phototransistors (OPTs), as the basic unit for
organic image sensors, are emerging as one of the most
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performances indicate its good application prospects in integrated optoelectronics.

promising light signal detectors owing to the unique advan-
tages of OSCs mentioned above. Generally, the working mech-
anism of OPTs is as follows: organic semiconductors absorb
photons and generate excitons; the photo-generated excitons in
OSCs undergo exciton diffusion and dissociate into free charge
carriers; the free charge carriers flow to corresponding elec-
trodes and lead to the change of current signal.* Thanks to the
joint efforts of researchers in the fields of chemistry, materials,
physics, electronics, etc., OPTs have witnessed remarkable
achievements recent years. The key figures of merits of some
OPTs are now comparable or even higher than those of silicon-
based or inorganic phototransistors.’*****® In spite of the
exciting results, there are still problems remained to be solved
in this field. For example, UV-detection is highly desired due to
its important application in the fields of defence, information
communications and biomedicine, while UV-sensitive OPTs are
rarely studied due to the multiple requirements for organic
semiconductors (high mobility, unique absorption in the UV
region). Till now, only a few UV-sensitive OPTs with compre-
hensive high performances are reported. Hu et al. reported
a kind of benzo[1,2-b:4,5-b']dithiophene dimers linked with
double bonds, (E)-1,2-bis(benzo[1,2-b:4,5-b'|dithiophen-2-yl)
ethene (BBDTE), and the single crystal phototransistors based
on which show photosensitivity of 10° and high photo-
responsivity of 9821 A W' under the 380 nm UV light.*> Meng

© 2023 The Author(s). Published by the Royal Society of Chemistry
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et al. reported a kind of anthracene derivatives, 2,6-bis(4-
methoxyphenyl) anthracene (BOPAnt), which exhibits a photo-
sensitivity of 2 x 10°, and a photoresponsivity of 3100 A W™ "
upon illumination of 350 nm UV light with intensity of 0.11 mW
cm 2. Tian et al. reported a novel pyrene derivative containing
large steric hindrance triphenylamine groups and being linked
by triple bonds, and the corresponding single crystal photo-
transistors exhibit excellent performance with photosensitivity
of 1.60 x 10° photoresponsivity of 2.86 x 10° A W ' and
ultrahigh detectivity of 1.49 x 10'® Jones under 370 nm light
irradiation.* Overall speaking, it is still highly demanded to
develop high mobility organic semiconductors with unique
absorption in the UV region to achieve high performance UV-
sensitive OPTs and to further study the structure-property
relationship.

Herein, we synthesized a new compound 2,6-di(anthracen-2-
yl)dithieno[3,2-b:2",3"-d]thiophene (2,6-DADTT) by linking 2,6-
[3,2-b:2',3'-d]thiophene (¢+-DTT) with anthracene group with the
following considerations: (i) the collaboration of S---S interac-
tion, -1 or C-H---7 interactions of sulfur-rich organic semi-
conductors may offer more charge transport pathways, leading
to enhanced transport properties;*”*® (ii) the introduction of
anthracene moiety is expected for aromatic extension to offer
more efficient 7 orbital overlap. Single crystal structure shows
that 2,6-DADTT molecules pack in a classical herringbone
packing motif with multiple S---S interactions, S---C interac-
tions and C-H---7 interactions. Single crystal organic field-
effect transistors (SC-OFETs) based on 2,6-DADTT demon-
strate excellent electrical properties, with the highest mobility
of 1.26 em® V™' s and high current on/off ratio of 10° ~ 10°.
The single crystal OPTs of 2,6-DADTT also exhibit superb
performance with excellent photosensitivity (P) of 2.49 x 10°,
photoresponsivity (R) of 6.84 x 10° A W' and ultrahigh
detectivity (D*) of 4.70 x 10"° Jones upon weak 365 nm UV light
illumination with intensity of 0.024 mW c¢cm™>.

Results and discussion

2,6-DADTT was facilely synthesized by one step Suzuki
coupling, as illustrated in Scheme 1, and then purified by
vacuum sublimation for three times before further device
fabrication. For the solubility of the 2,6-DADTT, it is only
slightly soluble in common organic solvents. The UV-visible
absorption spectra of 2,6-DADTT were shown in Fig. 1a. Both
2,6-DADTT film and crystals demonstrated obvious red-shifted
absorption (~20 nm) when comparing with the absorption in
solution, suggesting that 2,6-DADTT molecules adopted J-
aggregated mode in the aggregated state. The fluorescence
spectra of 2,6-DADTT were shown in Fig. 1b. 2,6-DADTT crystals
showed bright orange emission (Fig. S1f) under UV light
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Scheme 1 Synthetic route to 2,6-DADTT.
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Fig. 1 (a) Normalized UV-vis spectra of 2,6-DADTT. (b) Normalized
photoluminescence spectra of 2,6-DADTT. (c) Energy levels of 2,6-
DADTT and referenced semiconductors. (d) The LUMO and HOMO
energy levels of 2,6-DADTT calculated by density functional theory
(DFT).

irradiation with main emission peaks located at 560 nm,
604 nm respectively. The photophysical properties of 2,6-
DADTT, including absorption and emission parameters, were
listed in Fig. S2 and Table S1.f The highest occupied molecular
orbital (HOMO) energy level, calculated from ultraviolet photo-
electron spectroscopy (UPS, Fig. S31) was —5.2 eV. According to
the empirical formula E, = 1240/A, the optical bandgap
(EgP") estimated from the onset of the thin film absorption is
2.5 eV, so the lowest unoccupied orbital energy (LUMO) level
was calculated to be —2.7 eV, correspondingly. The energy levels
were aligned in Fig. 1c, with 2,6-DPA and pentacene as refer-
ences. The LUMO and HOMO energy levels were also calculated
by density functional theory (DFT), showing that the m—elec-
trons distribute uniformly over the whole molecule (Fig. 1d).
Thermo gravimetric analysis (TGA, Fig. S4t) shows that the
corresponding temperature at 5% weight loss of 2,6-DADTT is
471 °C, which indicates its excellent thermal stability.

The large-sized 2,6-DADTT single crystals qualified for X-ray
diffraction analysis were prepared by physical vapor transport
method. The single crystal structure of 2,6-DADTT belongs to
the P2,/c space group with the lattice constants a = 7.4830(3) A,
b = 5.9649(2) A, ¢ = 55.0355(14) A, § = 101.485(3)° (CCDC:
2237416, Table S2 and Fig. S51). As shown in Fig. 2a, the torsion
angles between dithieno[3,2-b:2',3"-d]thiophene core and the
anthracene group are 0.83° and 0.97°, respectively, showing
excellent coplanarity property and effective aromatic extension.
The 2,6-DADTT molecules stack in a classical herringbone
packing motif with a herringbone angle of 43.00° (Fig. 2b).
Multiple intermolecular interactions between the neighbouring
molecules are observed for 2,6-DADTT molecules, including
S-S (3.470 A), S---C (3.304 A, 3.391 A, 3.394 A) and C-H--'
(2.763 A, 2.822 A, 2.846 A, 2.865 A, 2.885 A, 2.890 A) contacts
(Fig. 2c). These short contacts between molecules together with
the intramolecular S---H interaction (2.589 A, 2.584 A, Fig. $67)
lock the anthracene group and the dithieno[3,2-b:2,3"-d]
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Fig. 2 (a)-(c) Single crystal structures and (d) calculated transfer
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thiophene core, which lead to small torsion angles between the
anthracene group and the dithieno[3,2-b:2',3"-d]thiophene core
and excellent planar structure of 2,6-DADTT, while these
interactions such as S---S contacts and C-H---7 contacts greatly
improve the closely packing, which is conducive to charge
transport between molecules. The molecular integrals were also
calculated based on the single crystal structure of 2,6-DADTT
(Fig. 2d), showing multiple charge transfer pathways with
transfer integrals of 14.05 meV, 3.84 meV, 2.97 meV.

Organic single crystals are believed to be an excellent plat-
form to investigate the intrinsic optoelectronic property of
organic semiconductors because of their highly ordered
molecular packing and reduced grain boundaries. Micro-sized
2,6-DADTT crystals suitable for device fabrication were firstly
produced by PVT method. Optical microscopy, atomic force
microscopy (AFM), X-ray diffraction (XRD), and transmission
electron microscope (TEM) were used to characterize the
morphology and molecular packing structure of the 2,6-DADTT
single crystals on substrate. As shown in Fig. 3a, the 2,6-DADTT
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Fig. 3 (a) Optical microscopy of the single crystals prepared by PVT method. (b) Atomic force microscopy of an individual single crystal and its
corresponding height profile (c). (d) XRD of 2,6-DADTT single crystals with the simulated results according to the single crystal structure for
reference. (e) TEM of an individual 2,6-DADTT single crystal and its corresponding SAED result (f). (g) Typical transfer curve (inset: optical
microscopy of the device) and corresponding output curve (h) of the 2,6-DADTT-based SC-OFETs. (i) Mobility distribution of twenty 2,6-DADTT-

based SC-OFET devices.
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single crystals grow plate-like with sizes ranging from several
micrometres to tens of micrometres. The polarized optical
microscope (POM) of an individual single crystal presented in
Fig. S71 also shows obvious brightness change when rotating
the sample, suggesting the high crystallinity of the 2,6-DADTT
single crystal. As show in Fig. 3b and c, the AFM image indicates
that the single crystal of 2,6-DADTT on wafer has a quite smooth
surface with the root mean square roughness (R) value of about
0.299 nm and the height is 30 nm approximately. The sharp
diffraction peaks can be well assigned to (00/) according to the
single crystal structure, suggesting that the ab-plane is paral-
leled to the substrate and the layer-by-layer growth mode of the
2,6-DADTT molecules on the wafer. The d-spacing calculated
from the first order of the diffraction peak (26 = 3.27°) is 26.97
A, corresponds with the molecular length of 2,6-DADTT (25.892
A). The TEM image of an individual single crystal and its cor-
responding selected area electron diffraction (SAED) patterns
were shown in Fig. 3e and f. The bright diffraction pattern
indicates the high quality of the 2,6-DADTT single crystal and
the direction can be defined as (011) and (100). The bottom-
gate-top-contact single crystal organic field-effect transistors
(SC-OFETs) were then constructed by laminating the gold
source/drain electrode on the micro-sized 2,6-DADTT single
crystal using “gold stamp method”. The representative transfer
and output curves of the 2,6-DADTT-based SC-OFETs are
respectively shown in Fig. 3g and h, with the highest mobility up
to 1.26 cm® V' s7' and the average mobility of 0.706 cm* V~*
s~ ' (20 devices, Table S3 and Fig. $81). The mobility distribution
based on 20 devices is also shown in Fig. 3i. High current on/off
ratio of 10° ~ 10® are also achieved for the transistors. The
hysteresis of the single crystal devices is very small and almost
negligible (Fig. S9(a)-(e)}). At the same time, there is no
significant change after multiple tests on the same device
(Fig. S9(f)+). We also study the change in device performance
with the variation of the single crystal thickness by character-
izing three OFET devices with different crystal thickness
(~30 nm, ~150 nm, ~400 nm), and the testing results showed
that the mobility decreases sharply as the crystal thickness
increases (Fig. S107T). The high mobility can be attributed to the
densely herringbone packing, multiple intermolecular interac-
tions, the highly ordered molecular packing and high quality of
2,6-DADTT single crystals.

In view of the high mobility and strong absorption in the UV
region of 2,6-DADTT, the photo response behaviour was further
studied. The diagrammatic sketch of 2,6-DADTT-based single
crystal OPT is demonstrated in Fig. 4a. The representative I-V
curves of the 2,6-DADTT-based OPT in dark and under various
illumination intensities with fixed Vpg are shown in Fig. 4b.
Under 365 nm illumination, the transfer curves of the OPTs show
obvious positive Vr shift and increased Ig as the illumination
intensity increases. Photo-induced electron-hole pairs are
generated under illumination and dissociated into carriers
under vertical electric field. The holes easily flow to the drain
electrode whereas the electrons accumulate at the source elec-
trode. The accumulated electrons help to lower the injection
barrier and decrease of the contact resistance, and lead to the
shift of the threshold voltage and the increase of Ing.** We also

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

-3
(a) (b) 10
F —
10° f— dark s
3 0.00041 mW/cm?
N 107k 0.0082 mw/cn?®
~—

0.024 mW/cm? |

F
< r |
2 10°F 0,039 mw/em? ‘
¥ o[ 00s0mW/em?
107k 0.056 mw/cm? |
i ; N
Au - Sio, Si 101 [— 0.063mW/em? i
[ 0.069 mW/cm? |
2,6-DADTT single crystal OTS  jgusi. 007%6mWem'
-40-30-20-10 0 10 20 30
Ve (V)
(c) 8 d 6
4 A 5 R
- 6
i, A= <@ 4t N
9 ¥ o= H -,
= \"/’a 2 2 § sl T i
22 R ot -
Q ""?' S 2t
2= ¥
x Q 1
oF g o ol 4
-1
000 0.3 006 0.09 0.00 003 006 0.09
Light Intensity (mW/cm?) Light Intensity (mW/cm?)
(e) (f)
30| dark 40V 1.4fVs=20V 0.076 mW/cm?
———0.024 mW/em®> a0 —
2l b 12 I =
0.050 mW/cm?
1.0 0.039 mW/cm?
= 20t = e
< i 08 / 0.024 mW/cm?
B B Bos /
T //«' 0.0082 mW/cm?
40 oal
/
sl 0.2 / 0.0041 MW/cm?
ot oo & dark
10 20 30 -40
Vs (V)
Fig. 4 (a) Diagrammatic sketch of 2,6-DADTT single crystal photo-

transistors. (b) The transfer curves of 2,6-DADTT-based single crystal
phototransistors under various light intensity (365 nm) compared to
that in darkness. (c) and (d) P, R and D* variation under different light
intensity. (e) Output characteristics with different Vg under UV light
illumination (intensity: 0.024 MW cm™2) and in dark. (f) —/ps under
various light illumination intensities (Vg = 20 V).

noticed considerable Vr shift and increased Ips even under very
weak illumination intensity of 0.0082 mW cm >, suggesting its
capability for weak UV light detection. Photosensitivity (P), pho-
toresponsivity (R), and detectivity (D*) are three key parameters
to evaluate the performance of OPTs, which can be calculated
according to eqn (S1)-(S3).T The 2,6-DADTT-based OPTs show
excellent response behaviour to UV light (365 nm) with P, R, D*
respectively reaching 2.49 x 10° 6.84 x 10> AW, and 4.70 x
10'® Jones at an illumination intensity of 0.024 mW cm®. The P, R
and D* as a function of light intensity are shown in Fig. 4c and d.
According to the calculation formula of P, it is only related to the
photocurrent (Iphot0) and dark current (Igari), in which the Iphoto
increases with the increase of the incident light intensity (P;),
while the Iy, remains unchanged. Therefore, P value is posi-
tively correlated with the P;, while R value is related not only to
the Ijhoto and Igari, but also to the P; and the illuminated channel
area (S). As the P; gradually increases, the growth rate of Iyhoto
become slow, after calculation, the result of R value will show
a changing trend of first increasing and then decreasing as the
light intensity increases, and a maximum value will appear. As
for D*, the parameters in the calculation formula of D* are

RSC Adv, 2023, 13, 1706-1171 | 11709
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constants except for R, so the changing trend of D* is the same as
R. To the best of our knowledge, the P, R and D* are among the
best values for UV-sensitive OPTs reported till now (Table S47).
Output characteristics with different Vg under UV light illumi-
nation (intensity: 0.024 mW cm ) or in dark were also charac-
terized (Fig. 4e), showing obvious increase of the output current
upon illumination. The I-V curves with incident light as the
modulation gate were also exhibited in Fig. 4f, demonstrating
that output current increase with the modulation of the light
intensity. The temporal response of the 2,6-DADTT-based OPT
was also tested (Fig. S11t), showing long-range plasticity (LTP)
behaviour like artificial synapses under light stimulation, which
will be further studied in the future. Besides, we also tested the
stability of 2,6-DADTT single crystal phototransistor over 15 days.
During this period, the values of P, R and D* exhibited no
significant changes (Fig. S127), and as a result, the device shows
excellent comprehensive performance as well as good stability.

Conclusions

In summary, a novel organic semiconductor, 2,6-DADTT, was
designed and synthesized by introducing anthracene group at
2,6-positions of dithieno[3,2-b:2’,3"-d]thiophene. Single crystal
structure of 2,6-DADTT presents classical herringbone packing
and multiple intermolecular interactions, including S-S (3.470
A), S---C(3.304 A, 3.391 A, 3.394 A) and C-H---7t (2.763 A, 2.822
A, 2.846 A, 2.865 A, 2.885 A, 2.890 A) contacts, were observed.
2,6-DADTT-based SC-OFETs reach a highest mobility of 1.26
em® V' 57! and an average mobility of 0.706 cm®> V' 57, 2,6-
DADTT-based single crystal OPTs demonstrate P value of 2.49 x
10°, R value of 6.84 x 10> AW~ " and ultrahigh D* value of 4.70
x 10'® Jones, which are among the best figures of merits for Uv-
sensitive OPTs. These excellent comprehensive performances
indicate its well application prospect in integrated optoelec-
tronics, especially in the field of UV light detection or other new
emerging vision sensors.
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