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Optoelectronic characteristics of furan substituted
thiophene/phenylene co-oligomer single crystals
for organic lasingf
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We design and synthesise an organic lasing system, 2,5-bis(5-[11’-biphenyl]-4-ylthiophen-2-yl)furan,
which has advanced optoelectronic properties. Grown as a single crystal, this monoclinic system exhibits
typical H-aggregation and has a photoluminescence quantum yield of 29% and ambipolar field effect
mobilities of approximately 0.7 (hole) and 0.1 (electron) cm? V™! s1 The system is validated for its
suitability towards laser development, and it exhibits excellent gain along with dual gain-narrowing
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DOI: 10.1039/d4tc03149k emission in the yellow region. It has superior optical and electrical properties compared to its structural

counterpart and similar systems. The system can be further developed by incorporating a planar resonator
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Introduction

A fundamental issue in realising electrically pumped solid-state
organic lasers is the limited availability of materials. For efficient
lasing, a material should have high mobility and high photolu-
minescence quantum yield (PLQY). However, such materials are
scarce in organic semiconductors (OSC) due to their inherent n—n
stacking, which results in good mobility but also induces severe
exciton quenching, leading to poor emission." The best practical
way is therefore to identify systems with moderate mobilities and
moderate PLQYs. Due to such limitations, only a few systems are
demonstrated to be suitable for organic lasing.”

So far, three materials, such as 5,5'-bis(4-biphenylyl)-
2,2":5’,2'-terthiophene (BP3T), 4,4’-bis[(N-carbazole) styryl]

“ Department of Physics, Graduate School of Science, Tohoku University, Senda,
Japan. E-mail: praveen@tohoku.ac.jp, shimotani@tohoku.ac.jp
b Organic Optoelectronics Laboratory, Department of Physics, Indian Institute of
Science Education and Research — Tirupati, Tirupati, India.
E-mail: kanagasekaran@iisertirupati.ac.in
¢ Department of Chemistry, Graduate School of Science, Tohoku University, Sendai,
Japan
“ Research and Analytical Center for Giant Molecules, Graduate School of Science,
Tohoku University, Sendai, Japan
i Electronic supplementary information (ESI) available: Gas phase molecular
planarity indices, Tauc plot, photophysical process and fluorescence lifetime,
hole-electron analysis for S4, S6 and S7 states, schematic of optical pumping and
VSL setups, crystal dimensions, gain narrowing profiles, PL spectra, mass
spectrum, thermogravimetric analysis. CCDC 2365344. For ESI and crystallo-
graphic data in CIF or other electronic format see DOI: https://doi.org/10.1039/
d4tc03149k

This journal is © The Royal Society of Chemistry 2024

structure and using contact engineering techniques to realise electrically driven semiconductor lasers.

biphenyl and a combination of 2,7-bis(9,9-spirobifluoren-2-yl)-
9,9-spirobi-fluorene and poly(2,5-bis-(2',5'-bis(2’-ethylhexyloxy)-
phenyl)-p-phenylene vinylene) are shown to have the possibility
of realising electrically driven lasers.> Of these three, BP3T-
based organic light-emitting transistor (OLET) has the simplest
device architecture with emission in the yellow region. How-
ever, BP3T suffers from several issues, such as low stability,
short operation times and the occurrence of singlet-triplet
annihilation.> One way to improve the optoelectronic proper-
ties of BP3T is by substituting furan core in the place of
thiophene.®”

Furan is the oxygen analogue of thiophene and holds great
promise for optoelectronic applications. Due to the smaller
atomic size of oxygen than sulphur, the moiety would induce a
smaller steric hindrance effect results small torsional angles
and better molecular planarity.® Furthermore, unlike thio-
phene, furan does not suffer from the heavy atom effect.
Compared with sulphur, oxygen has a smaller covalent radius
and higher electronegativity which will shorten the n-mn stack-
ing distance and tune frontier orbitals and charge transport in
furan based OSCs.’ These systems have strong fluorescence,
which is beneficial for lasing-related applications.***?

In the present work, we have substituted the furan into one
of the rings of BP3T to obtain a new derivative: 2,5-bis(5-[1,1'-
biphenyl]-4-ylthiophen-2-yl)furan (BPTFT). Its structural, opti-
cal, electronic and lasing characteristics are reported. The
single crystals (SCs) of BPTFT are demonstrated to exhibit
optically pumped Fabry-Pérrot (FP) lasing and have a threshold
value of approximately 20 pJ cm ' in the 560 nm region.
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We have also observed dual gain-narrowing in BPTFT, a signa-
ture phenomenon in biphenylyl/thiophene systems and found
that it varies according to crystal thickness. Electrically pumped
organic lasing can be realised in either diode or transistor
architectures. However, due to their lateral geometry and the
availability of gate insulators, OLETs are better than diodes,
offering higher efficiency and lower optical loss. In this study,
we have investigated the suitability of BPTFT for electrically
pumped lasing by constructing its SC as an OLET. It shows
ambipolar charge transport with hole and electron mobilities of
0.7, 0.1 cm® V™' s, respectively. With this, the inclusion of a
resonator structure and proper contact engineering will make
BPTFT OLETs an ideal candidate for developing yellow-
emitting electrically pumped organic lasers.

Results and discussion
Synthesis of BPTFT

First, 2-(5-(biphenyl-4-yl)thiophen-2-yl)-5-bromofuran (S1a, 5.0 mmol,
1.9 g), (5-(biphenyl-4-yl)thiophen-2-yl)boronic acid (Sib, 7.5 mmol,
2.1 g), Pd(PPh;), (0.25 mmol, 289 mg), Na,CO; (25 mmol, 2.65 )
were added to a mixture of THF and H, O (v/v = 2/1, 0.1 M, 50 mL)
under N, atmosphere (Fig. 1). Then, the reaction mixture was
stirred for 48 h at 80 °C and filtered by washing with water,
MeOH, and CH,Cl,. The residue was further heated in CHCI; at
80 °C and filtered while hot. The resulting green solid was
further recrystallised in 1,2,4-trichlorobenzene at 180 °C (0.5 h)
to produce BPTFT (yellow solid, 2.1 g, 79% yield). Anal. caled
for C36H,40S,: C, 80.56; H, 4.51; S, 11.95; found: C, 80.61; H,
4.58; S, 12.04%. The resulting BPTFT was purified via vacuum
sublimation (~5 x 102 Pa for more than 80 h) twice to obtain
the material for crystal growth.

Structural analysis

BPTFT SCs were grown through physical vapour transport (PVT;
Experiments section) and subjected to X-ray diffraction analysis.
Similar to its parent system (BP3T), BPTFT crystallises in a mono-
clinic system with a space group P2,c. Its lattice parameters are a =
748 A, b =5.63 A, ¢ =59.16 A, f =90.97°, Z= 4 and V = 2495 A®,
The refined crystallographic information was deposited with the
Cambridge Crystallographic Data Centre (CCDC 23653447), and
the packing structure is given in Fig. 2(a-d). Compared to BP3T
(@=7.52 A, b=578A4, c=59.09 A, f=29281°and V = 2609 A%

Pd(PPhg), (5 mol%)
Na,CO3 (5 equiv)
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the volume is slightly reduced for BPTFT."> The molecules are
H-aggregated and stacked in a parallel, face-to-face fashion,
which is favourable for optoelectronic applications. A photo-
micrograph of a PVT-grown BPTFT SC under UV irradiation and
the refined morphology using WinXmorph program'* are given
in Fig. 2(e and f). The morphology of PVT-grown crystals is
similar to the theoretically simulated features. At the molecular
level, the bond between the central furan ring and the side
chain thiophene rings in BPTFT is slightly shorter by 0.02 A
than the thiophene-thiophene bond in BP3T. The dihedral
angle in BPTFT is also 3° lower than that in the BP3T system.
Furthermore, the orientation of the molecular long axis in BP3T
is slightly tilted 2.6° normal to the ab-plane.'®> Conversely,
BPTFT is oriented perfectly perpendicular to the bottom plane,
which is ideal for photon confinement within the cavity. Such
variation can be attributed to the furan substitution, which has
shorter O-C bond and a rigid structure, resulting in tighter
packing in the unit cell. In addition, the furan substitution has
significantly altered the molecular planarity.

In an ideal planar system, the planarity indices, molecular
planarity parameter (MPP) and span of deviation from the
plane (SDP) are equal to zero (Experiments section). The
calculated MPP and SDP for BPTFT are 0.13 and 0.48 A,
respectively. These values are half of those of BP3T, which are
0.26 and 1.06 A, respectively, indicating that BPTFT is structu-
rally more planar than BP3T. Gas phase density functional
theory (DFT) simulation reproduces the trend with higher
planarity indices (Section S1 and Fig. S1, ESIf) primarily due
to the absence of intermolecular forces and symmetry con-
straints. Planarity maps of BPTFT and BP3T are given in
Fig. 3(a) and (b), respectively. The blue and red regions indicate
the fragment deviation in positive and negative directions,
respectively, concerning the fitting plane (white). Despite a
slight bend between the furan and one of the thiophene cores,
the inclusion of furan generally improves molecular planarity.
This often occurs in furan substitution due to the small
torsional angles with the inclusion of oxygen and results in
better rigidity. This molecular feature reduces the spacing
between oligomeric rings in the solid state and is beneficial
for light emission and charge transport.”>™"”

The theoretically calculated transition dipole moment
(TDM) vector is depicted in Fig. 3(c). The dominant dipole
moment, corresponding to the S; — S, state, is oriented along
the molecular long axis. As the molecules are arranged

* THF/H,0 = 2/1
80 °C, reflux, 48h

S1b
Fig. 1 Synthesis scheme for BPTFT.
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Fig. 2 Crystal structure of BPTFT. Projections on (a) bc (b) abc (c) ab (d) ac planes. (e) PVT grown and (f) simulated morphology of BPTFT SC.
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Fig. 3 Molecular planarity plots of (a) BPTFT and (b) BP3T, which have the
MPP of 0.13, 0.26 A and SDP of 0.48 and 1.06 A, respectively. (c) TDM
orientation of BPTFT. (d) PL intensity as a function of incident laser
polarisation angle at 560 nm for BPTFT SC.

perpendicular to the ab-plane, the TDM is also aligned
perpendicular to that plane and light emission can be obtained
at the crystal edges."® This is advantageous for optical confine-
ment and indicates that the crystalline cavity can simulta-
neously act as a gain medium and an optical resonator,
desirable for organic lasing. The maximum emission intensity
was obtained from the (1 0 0) plane and indicates that the

This journal is © The Royal Society of Chemistry 2024

TDMs are aligned horizontally along the width direction, in line
with the theoretical results. The polarization-dependent photo-
luminescence (PL) performance of a BPTFT SC (Experiments
section) is given in Fig. 3(d). Furthermore, the degree of linear
polarisation (DOLP) was calculated as, DOLP = (Ijax — Imin)/
(Imax *+ Imin), Where In.c and I, are the maximum and
minimum intensities of the light emission, respectively.'® For
BPTFT, the DOLP value is 0.49. For comparison, a BP3T SC of a
similar thickness was used. Its DOLP value (0.27) is nearly half
of that of BPTFT, indicating superior intrinsic polarised emis-
sion from BPTFT.

Excited state analysis

The photophysical properties of BPTFT were investigated at the
experimental and theoretical levels. Fig. 4 shows the recorded
absorption, fluorescence and photoelectron yield spectrum
(PYS) of BPTFT along with the frontier molecular orbitals, the
four-level energy model for the emission process and the
Commission Internationale del’Eclairage (CIE) coordinates of
the emission profiles of the BPTFT system. The highest occu-
pied molecular orbital (HOMO) level determined using the PYS
is Fgomo = —5.10 eV. The optical band gap (Eop) of BPTFT
was determined to be 2.28 eV using a Tauc plot (Fig. S2, ESIT).
The exciton binding energies were estimated as Aex = Eqpe/3 =
0.76 €V.2%?! Therefore, the lowest unoccupied molecular orbital
(LUMO) level is Erymo = Enomo *+ Eopt + dex = —2.06 eV.
Although two transitions (HOMO — LUMO and HOMO-1 —
LUMO+1) contribute to the S, — S, transition, most of the
contribution (~91%) is from the frontier molecular orbitals.
The corresponding Exomos Erumo, Eopt and dex values of BP3T
are —5.78, —2.64, 2.38 and 0.79 eV, respectively.>> BPTFT has a
lower ionisation potential than BP3T. This is advantageous
from a contact engineering perspective as it matches the work

J. Mater. Chem. C, 2024, 12,15995-16003 | 15997
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Fig. 4 Photophysical process in BPTFT. (a) Four-level energy model with
DFT-calculated frontier molecular orbitals; H and L represent HOMO and
LUMO, respectively. (b) PYS spectrum and (c) normalised absorption and
PL spectra. Inset: CIE 1931 coordinates of BPTFT SC.

function of gold and will significantly reduce the charge injec-
tion barrier for hole injection.

The BPTFT absorption spectrum can be resolved into three
prominent peaks corresponding to 0 - 0,0 - 1and 0 — 2
transitions. In H-aggregates, 0 — 0 band is forbidden or
weakened due to Davydov splitting and the emission bands
in the PL spectrum are assigned to higher-order transitions
(0 > 1,0 - 2 and 0 — 3). The emission bands at 560 and
590 nm are assigned to the CIE coordinates (0.37, 0.62) and
(0.57, 0.42), respectively. The external PLQY obtained for BPTFT
is approximately 29%. BP3T assessed using a similar method,
exhibits a PLQY of only 24%, indicating the superior optical
properties of BPTFT over BP3T.

The Strickler-Berg relation (Sections S3 and S4, ESIf) was
used to calculate the fluorescence lifetime and fluorescence
rate constant, which are 0.9 ns and 3 x 10® s™*, respectively.*
Such a short radiative decay time and high rate constant
indicate the possibility of stimulated emission (SE) in the band,
in an order similar to that of other reported systems.***’

Hole 25

Electron 15
Overlap 5

Bl B2 T1 F1 T2 B3 B4
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For further confirmation, we theoretically calculated the fluores-
cence rate in the singlet state (S;) at PBE/def2-SVP level. The
obtained value is 2.5 x 10" ™!, which is one order higher than
that for BP3T (4.9 x 10° s~ ). In OSCs, both Franck-Condon (FC)
and Herzberg-Teller (HT) states contribute to the emission. In
the case of BP3T, the FC contribution is 10.3%, and the HT
contribution is 89.7%. As for BPTFT, only 2% of emission arises
due to FC and a major 98% was contributed by HT, indicate the
presence of strong vibrational coupling in the system.
Hole-electron distribution analysis was carried out to obtain
further insights into the excitation dynamics in BPTFT.***” As
most organic luminescent systems follow Kasha’s rule, most of
the luminescence arises from the S; state. This process can be
modeled using a four-level energy transfer process as depicted
in Fig. 4(a). Upon excitation from the ground state to the
excited state, the electron vibrationally relaxes non-radiatively
to a low-lying excited state. Thus, the S; — S; transitions were
analysed to describe the excitation process. The hole-electron
distribution plots and the fragment distribution heatmap for
So — S; transitions are given in Fig. 5. Contributions to the
excitation process from the other states such as S,, S¢ and S, are
also evident (Fig. S3, ESIt). However, their contribution is
minimal. As shown in Fig. 5, the excitation process is due to
the local excitons, ie., both the hole and electron occupy
spatially similar regions. Moreover, in both cases, most of the
contributions arise from the thiophene/furan cores rather than
the phenylyl rings. Both sulphur and oxygen contribute to
electron distribution, however, the furan contribution is slightly
lower than that of its structural counterpart, which would impact
the charge transport. On the contrary, with better molecular
rigidity, BPTFT would have better emission profiles than BP3T.
This can be envisaged using oscillator strengths and charge
transfer lengths, as BPTFT has slightly higher values (2.94 and
0.06 A) than BP3T (2.86 and 0.05 A). This explains the higher
PLQY values obtained for BPTFT than the BP3T. It should be
noted that the above conclusions are obtained from the mole-
cular perspective. Nevertheless, the intermolecular interaction
should have a definite role in both emission and charge transfer
mechanisms. A separate work is required to explore this further.

Lasing characteristics

In BPTFT, the TDMs are arranged along the molecular long axis, so
light is confined within the cavity and emitted through the edges.
The parallel faces of the crystal act as a natural FP resonator. At a

(b) ;e 2 o
2 T .’ i | Iﬁ b ) g G" o
i & o A S
d)} y4, ® 22
Hole 25
Electron 15
Overlap 5

Bl B2 Tl T2 T3 B3 B4

Fig. 5 Hole—electron distributions of (a) BPTFT and (b) BP3T. The heatmap (a.u.) depicts the molecular fragment contribution, where Bn denotes

phenyls, Tn denotes thiophenes and F1 denotes furan.
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low excitation energy, BPTFT exhibits a broadband emission
spectrum. At energies exceeding 20 pJ cm ™2, the 560 nm emission
peak narrows as shown in Fig. 6(a). With a further increase in
excitation power, the emission intensity increases sharply, with a
rapid reduction in the emission profile’s fullwidth at half-
maximum (FWHM). This behaviour indicates the onset of ampli-
fied spontaneous emission, with the threshold being approxi-
mately 20 pJ cm™ 2 (Table 1). Beyond this threshold, the FWHM
value reduces by only 0.7 nm, which fits well with the Schawlow-
Townes formula. The calculated net gain coefficient (g) (Fig. 6(d)) is
42 cm™ ! at an excitation density of 37.6 yJ cm™> (Fig. S4(b), ESI+
and Experiments section). The calculated loss coefficient (k)
(Fig. 6(f)) is 16 cm™", attributed to the waveguide and self-
absorption losses in the medium. The obtained optical gain is
related to the SE cross-section (o) in that g = 6(4)N, where N is the
population inversion density. The calculated o(4) value is 2.37 x
10~"° ecm?® (Section S7, ESIY). This value is quite close to those of
similar lasing systems, suggesting the potential of further devel-
opment of BPTFT as a lasing medium.>®

Similar to many other organic lasing systems, BPTFT exhi-
bits dual-wavelength emission characteristics. In this case,
such phenomena depend on the thickness of the BPTFT cavity
(Fig. S5, ESIf). Of the two emission bands, the 0-1 peak
generally gain-narrows upon the increment in pump fluence.
The 0-2 peak tends to exhibit gain narrowing, depending on

View Article Online
Paper
Table 1 Optoelectronic properties of some recently reported organic

lasing systems along with classical biphenylyl/thiophenes. All values are for
SCs pumped with ns laser. The thresholds are in pJ cm™2. u, and pe are

hole and electron mobilities in cm? Vs

—1

System PLQY Threshold py, Ue Ref.
BPTFT 0.28 20 0.7 0.1 a
BPIT-CN NA 53 5.70 X 10™* 1.66 x 107> 29
BP2T-CN  0.63 176 — — 30
BPAT NA 81,30 — — 31
LD-1 0.8 86 0.25 — 32
BP3T-OMe NA 17 — — 22
BP3T-CN NA 152 — — 22
BPIT 02 — 0.01 — 33
BP2T 0.38 — 0.08 0.011 33
BP3T 0.8> 40 1 0.5 33 and 34

“ present work. ? Internal quantum efficiency.

cavity thickness. Fig. 6(a) and (b) show the gain-narrowing
characteristics of two BPTFT SCs with thicknesses of below
and above 500 nm. For thicknesses of less than 500 nm, only
the 0-1 peak exhibits gain narrowing (with a minimal contribu-
tion from 0-2 in some cases; Fig. S6(a), ESIT). As the crystal
thickness approaches ~700 nm, both peaks tend to exhibit
gain narrowing (Fig. 6(b) and (e)). In some cases, for thick-
nesses of approximately 1 pm, only the 0-2 peak gain narrows
(Fig. S6(b) and (c), ESIY).
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Fig. 6 Lasing characteristics of BPTFT. (a) Gain narrowing of 0—1 band of crystal with thickness ~ 350 nm (the unfilled and filled circles are FWHM and
peak intensity, respectively). (b) Dual gain narrowing in crystal with thickness ~700 nm (the circles and squares are 0—-1 and 0-2 bands, respectively). (c)
Emission from BPTFT SC at 36.6 uJ cm™2 of input intensity. (d) Dependence of output light intensity on excitation beam length; g denotes the net gain
coefficient at input intensities of (from left to right) 26.6, 31.6 and 37.6 pJ cm™2, respectively. (e) Input intensity dependence of emission spectra with 0—1
and 0—-2 emission bands for crystal with thickness of ~590 nm. (f) Loss coefficient plot. (g) Laser spectra obtained using high-resolution grating (1800
lines per mm) of BPTFT SCs with cavity lengths (L,) of approximately (from left to right) 200, 300, and 500 mm. (h) L,-dependent mode spacing (A,).
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The aforementioned four-level energy model was used to
analyse these dual-wavelength lasing characteristics. When the
ground state (S,) is pumped optically, the absorption leads to an
excited state (S;), usually to the E, level. From E,, it is vibrationally
relaxed non-radiatively to the E; state. From E;, emission is
obtained via transition to any of the vibrational levels in E,|07),
(i=1, 2, 3). Due to these transitions in organic systems, lasing can
be achieved from any vibronic bands, say 0-1, 0-2 and 0-3. This
offers the possibility of tuning the emission wavelength; methods
like, thermally induced vibronic switching, excited state proton
induced transfer and doping-induced wavelength tuning are
already reported for some organic systems.”®*>” The PL spec-
trum of BPTFT obtained much below the threshold intensity is
shown in Fig. S7 (ESIY), corresponding to four emission bands: 0-
1, 0-2, 0-3 and 0-4. The 560 and 595 nm bands are assigned to
the 0-1 and 0-2 transitions. Now, the prevailing question of why
dual emission occurs can be answered by combining the photo-
physical properties of BPTFT using this four-level energy model.
The calculated lifetime of the 0-2 transition is 0.3 ns, which is
somewhat similar to that of the 0-1 transition. Both transitions
occupy the same E; state, so they co-exist. Consequently, upon
pumping, both compete for lasing. However, according to Ein-
stein’s relation, o(4) is directly proportional to absorption and
from the theoretical calculations, 0-1 has a higher oscillator
strength than the 0-2. In addition, the calculated o(2) values are
2.37 x 107! and 0.4 x 107'® cm? for 0-1 and 0-2 bands,
respectively. Hence, the probability for lasing is substantially
higher for the 0-1 transition. At thickness lower than the emission
wavelength (less than 500 nm), confining the larger wavelength
within the cavity is difficult, leading to the strong 0-1 emission.**
With an increase in thickness, 0-1 is significantly dampened by
self-absorption, increasing the lasing probability for 0-2.

Resolving the emission spectrum using a high-resolution
grating, shows that BPTFT exhibits several distinct peaks,
corresponding to the longitudinal modes in the FP cavity.
The mode spacing A/;, values vary with respect to the cavity
length (L;). With an increase in L, more peaks tend to appear,
as shown in Fig. 6(g). Three L, values (~200, 300, and 500 pm)
were studied using a high-resolution grating, and the corres-
ponding A/;, values are 1.1, 0.5 and 0.3 nm, respectively. As
seen in Fig. 6(h), the plot of 1/L, versus A/ is linear indicating
the presence of the FP resonator along the pump direction.>®

The FWHM (A7) values of the emission peaks were then
used to deduce laser characteristics: quality factors (Q) and
coherence lengths (L.). For BPTFT, the Q-factors of the emission
bands were calculated as Q = A/AZ, where 1 is the emission
wavelength of the corresponding peak. Given A4 values of 1.96
and 2.5, the corresponding Q-factors are ~300 and ~ 250 for 0-
1 and 0-2 transitions, respectively. In addition, L. was calcu-
lated using L. = 2*/2mAJ, from this temporal coherence was
estimated as 7. = L./c.>**° For BPTFT, 0-1 and 0-2 transitions
have L. values of 25 and 22 mm, and z. values of 85 and 74 fs,
respectively. Although the Q-factor and L. values are moderate
given the dimensions used, the performance decline is attrib-
uted to the quality of the natural mirrors at the facet ends.
These values can be improved using proper resonator
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structures, such as distributed feedback resonators for nar-
rower linewidth lasing.

Finally, the stability of the lasing cavity is a crucial para-
meter in the realisation of organic semiconductor lasers.
Although moisture and oxygen often significantly affect perfor-
mance, BPTFT shows significant stability over constant atmo-
spheric exposure for more than 7 months. The change in
threshold and emission intensity is minimal, and a variation
of +2% arises between the measurements at different periods.
Such variation may also arise due to the minor variation in sample
position, exemplifying the atmospheric stability of BPTFT.

Transistor characteristics

A schematic diagram of the device architecture and the energy
levels of different layers are shown in Fig. 7(f) and (g), respec-
tively. The devices are constructed in a bottom-gate, top-contact
fashion. The obtained output and transfer curves are given in
Fig. 7(a)-(d). The variation in the emission zone with the
applied voltage was monitored through a top-mounted micro-
scope. Two operation modes were used for charge transport
and electroluminescence analysis. In the transfer curve
measurement, the drain voltage (V4) was kept at 100 V (n-
channel) and —120 V (p-channel), and the gate voltage (V)
varied. In the output curve measurement, V, was kept constant
with an increase in Vy4. As seen in Fig. 7(b) and (d), at a low Vj,
both hole and electron transport can be achieved, indicating
the ambipolar characteristics of BPTFT.

At a high Vg, the regime transform into a unipolar operation
due to charge carrier (hole or electron) trapping with respect to
V, polarity. The mobilities were calculated from the saturation
regime (n-drive), and the obtained values are in the range of
0.7 em®> V' s7* for hole transport and 0.1 cm®> V' s7' for
electron transport. The corresponding threshold (Vi) voltages
are 60 and 80 V for hole and electron transport, respectively.
With V4 and V, modulation, electrically-driven emission was
obtained in the device (Fig. 7(e)). Furthermore, through V,
modulation, the recombination zone can be manipulated
which is typically only possible with a transistor device.

Although the obtained mobilities are the highest among
recent reports (Table 1), they are slightly lower than those of
BP3T. This is essentially due to two factors: reorganisation
energies and the charge injection barrier. The DFT-calculated
reorganisation energy of BPTFT is 1252 cm™ ', which is larger
than that of BP3T (1130 cm ™). Thus, the charge transport in
BPTFT is slightly lower than that in BP3T. In addition, BPTFT
has a larger difference between the electron and hole distribu-
tions (Fig. 5) than BP3T. This is one of the reasons why the ratio
of hole to electron mobility is larger in BPTFT.

In the present case, we did not use interlayers to modify the
charge injection barrier. Contact engineering plays a crucial
role in organic semiconducting devices, and depending on the
contact type, the material can be operated as a unipolar or
ambipolar device. For example, well-known p-type materials,
such as tetracene and pentacene have ambipolar characteristics
with proper contacts of work functions matching the HOMO
and LUMO of the OSC.***? In this direction, we introduced

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Transistor characteristics of BPTFT. (a) Transfer curve (n drive). (b) Output curve (n drive). (c) Transfer curve (p drive). (d) Output curve (p drive). (e)
Electrically driven luminescence from BPTFT. (f) Schematic diagram of the OLET. (g) Energy levels of OLET layers.

novel contact design approaches to obtain the highest current
density in rubrene devices.*> However, in the present study, we
only intend to demonstrate the ambipolar characteristics of
BPTFT; contact design principles are not considered. Tuning
the contacts by inserting interlayers may significantly improve
mobility. In particular, the obtained results suggest that with
suitable resonators and proper contacts, BPTFT will be a
potential candidate for the realisation of electrically pumped
lasers, a holy grail in organic optoelectronics. Such work
deserves a separate treatment and report.

Conclusions

A furan-substituted thiophene/phenylene co-oligomer was
synthesised using a coupling reaction. High-quality SCs were
grown via PVT, and X-ray diffraction analysis indicated that the
system crystallises in a monoclinic form. Compared with its
structural counterpart, BP3T, BPTFT has superior optical prop-
erties due to the rigidity and conjugation caused by the furan
substitution. Their gain-narrowing characteristics indicated
that the system has dual gain-narrowing emissions with domi-
nant SE from 0-1 band. The 0-2 band emission can be
modified by changing the crystal thickness. The empirically
calculated photophysical properties and other optical quanti-
ties from optical pumping analysis showed the potential of
BPTFT as a lasing cavity. In addition, the ambipolar charge
transport in the system was demonstrated by constructing
OLETs, and the calculated hole and electron mobilities exceed
those in similar systems. However, BPTFT has slightly inferior
transport characteristics than BP3T due to the inherent mole-
cular reorganisation energies and device architecture adopted
in this work. Still, the obtained mobilities are notable among

This journal is © The Royal Society of Chemistry 2024

organic optoelectronic devices. The system can be further
improved by integrating an additional resonator into the device’s
geometry and incorporating contact engineering techniques.
Such measures will establish BPTFT as a potential candidate
for realising electrically driven organic lasers.

Experiments
Crystal growth

The SCs were grown through PVT in an Ar (99.999% purity)
stream. A sublimation temperature of 380 °C with a 2.5 °C cm ™"
variation in the temperature profile was used for crystal growth.
The structure was confirmed using single-crystal X-ray diffrac-
tion analysis (Rigaku Oxford Diffraction).

Molecular planarity calculations

The molecular structure obtained from the crystallographic
studies was analysed, and the implementation available in
the Multiwfn module was used to calculate the MPP and
SDP.** A detailed description of the methodology is available
elsewhere.*® For the gas phase calculations, optimised geome-
tries were used.

DFT analysis

ORCA 5.0.3 was used for the DFT calculations. For geometry
optimisation and excited-state calculations, functionals such as
B3LYP, CAM-B3LYP, w97X, PBE with basis sets either 6-31G(d,p)
or def2-SVP were used. This level of theory is often adequate for
modeling the excited states in organic semiconductors.*® Based
on the comparison between BP3Ts DFT results with experi-
mental data, CAM-B3LYP data were used for the final discussion.
The rate constants and reorganisation energies were calculated
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using the excited state dynamics (ESD) module with sTDA in
ORCA 4.0.2 using the PBE/def2-SVP functional and basis set.
The FC and HT contribution values were directly obtained from
the ESD output file. Although, hybrid functionals would have
produced more accurate results, PBE was selected for rapid testing
and identifying differences in trends between BP3T and BPTFT.

Polarisation-dependent PL

For the analysis of polarisation-dependent PL, a diode laser
with 405 nm wavelength and 5 mW power was irradiated on a
SC through a half-wave plate. The emission intensity was col-
lected using a spectrometer (OceanOptics HR2000+). Initially,
the (0 0 1) face of the crystal was aligned parallel to the laser
polarisation direction. The polarisation angle was gradually
varied using the half-wave plate and the corresponding intensity
variations were measured.

Photophysical properties

The absorption spectrum of BPTFT was recorded using a thin
film of thickness 150 nm, deposited by thermal evaporation at a
pressure of ~107° Pa. A 405 nm CW diode laser with 5 mW
power was irradiated on a BPTFT SC of thickness 500 nm, and
the emission spectrum was collected using a spectrometer. The
Enomo values were calculated from (photoelectron yield)®* as a
function of the incident photon energy measured using PYS
(Riken photoelectron yield spectrometer AC-2). The PLQY
values were determined using the integrating sphere method
(Hamamatsu Photonics €9920-02).

Lasing characteristics

A ns pulsed nitrogen laser (Stanford Research Systems NL100),
with a 337 nm (13.8 Hz) emission wavelength was used as the
excitation source. A stripe-shaped excitation beam was focused
perpendicularly on the crystal surface, and the emission was
collected perpendicularly at the crystal edges (Fig. S6(a), ESIT).
The pump power was varied using neutral-density filters, and
the corresponding variation in the output intensity was mon-
itored using a spectrometer (Andor SR-500i-A). The g value of
the BPTFT SC was calculated using the variable stripe length
method.”” A thin copper plate was placed between the cylind-
rical lens and the sample (Fig. S6(b), ESIt). The length of the
copper plate covering the sample was gradually adjusted by
keeping the beam width constant. The corresponding variation
in the output intensity (I) with respect to the beam length (L)
was monitored using a spectrometer. The g value was calculated
by fitting the data using the relation

I=1I, (e5F — 1)/g, 1)

where I is the spontaneous emission intensity. Since the k does
not depend on pump intensity, it can be calculated by plotting
¢ for different pump intensities and extrapolating its value to
I, = 0 where g = —k.*®

Fabrication of OLET

A1 x 1 cm® p™-Si wafer with a 400 nm SiO, insulator
was cleaned and used as the substrate. A polystyrene layer of
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thickness ~25 nm was spin coated on the substrate and
annealed overnight at 70 °C. On top of this, ~500 nm thick
BPTFT SC was electrostatically laminated. Finally, heterostruc-
ture Ca and Au contacts were thermally evaporated using a
shadow mask at a pressure of approximately 107 torr. A
Keysight B1500A semiconductor device parametric analyser
was used to measure the output and transfer characteristics.
Measurements were carried out inside a glovebox’s inert gas
atmosphere.
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