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Enhancing optoelectronic performance of organic
phototransistors through surface doping of tetra-
bromo perylene diimide single crystalsy
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Organic phototransistors (OPTs) built from organic single crystals offer distinct advantages over their thin-film
counterparts due to their superior charge transport, large surface area, and defect-free molecular
arrangement. However, the progress in developing high-performance n-type organic semiconductors has
largged behind that of p-type materials, posing a challenge to the advancement of organicelectronic devices.
To address this issue, we synthesized novel tetra-bromo-substituted chiral perylene diimides, which self-
assembled into single crystals, offering potential of n-type semiconductors. Traditional doping techniques
often risk damaging the delicate crystal structure; therefore, we implemented a mild surface doping method
using aniline vapor, which preserves the structural integrity of the crystals while significantly enhancing their
optoelectronic properties. The doped devices exhibited a remarkable improvement in charge transport, with
~1 Furthermore, the optoelectronic
characteristics were significantly improved simultaneously, with the external quantum efficiency increasing over

electron mobility increasing four times to 119 x 1072 cm? V! s

two-fold, and response times becoming notably faster. These enhancements are attributed to the increased
charge carrier density and improved exciton separation efficiency following doping. This study demonstrates
that our surface doping strategy is a highly effective approach for optimizing the performance of organic
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Introduction

Organic field-effect transistors (OFETs) offer the advantages of
flexibility, low-cost fabrication, lightweight and compatibility with
bendable substrates, making them ideal for applications in flexible
displays, wearable electronics, and low-power sensors."” Their
unique properties also enable diverse applications such as e-paper
and organic circuits, pushing the boundaries of conventional
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single-crystal OPTSs, providing a promising pathway for future applications in advanced optoelectronic devices.

electronics into new, innovative devices.> Among them, organic
phototransistors (OPTs) have great potential due to their high gain
characteristics, amplifying weak light signals into substantial elec-
trical currents for enhanced photodetection sensitivity.* In the field
of OPTs, the integration of micro- or nanoscale single-crystal organic
semiconductors (OSC) as the active layer has been demonstrated to
markedly enhance device performance. This improvement is attrib-
uted to their defectfree nature from high crystallinity, which
enables the semiconductors to achieve intrinsic high charge
carrier mobility.”” This approach not only facilitates the realiza-
tion of OPTs with superior photoconversion efficiency but also
extends their operational stability,® positioning them as a promis-
ing platform for next-generation photodetection technologies.
Perylene diimides (PDIs), featuring an extensive m-conjugated
system, commendable thermal stability, and elevated carrier
mobility, stand out as an exceptional n-type semiconductor
material.”** In particular, the synthetic route of PDI molecules
is relatively mature and can be chemically modified to introduce
various functional groups to meet the needs of specific
applications.”®™” Substitution on ortho/bay/imide position of PDIs
can effectively tune the optoelectronic properties and solubility of
PDIs."®" Compared with p-type organic semiconductors, the
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development of n-type organic semiconductors has relatively
lagged behind. However, their indispensable role in achieving high-
efficiency and multi-functional organic electronic devices is becom-
ing increasingly prominent.”*?! The unique properties of PDIs, such
as their high electron affinity and stability, make them indispen-
sable for the realization of advanced electronic functionalities,
particularly in devices that require efficient electron transport and
robust performance under operational stress.?*?

Doping in organic semiconductors represents a valuable and
effective strategy to modulate the electrical characteristics of
materials, thereby enhancing the performance of electronic
devices fabricated from these materials.>* By incorporating extrin-
sic atoms or molecules, the process of doping can significantly
augment carrier concentration, refine carrier mobility, and bolster
material conductivity.> Among various doping methods including
co-processing and sequential doping, surface vapor doping is an
attractive strategy because it has less negative impact on the
crystallinity and morphology of the underlying active layer.” In
recent research, several notable works on surface doping have
been reported. In pentacene-based OFETs, surface doping via
forming specific heterojunctions show differences in Ig instability
between doped and undoped devices, indicating faster carrier-
trapping near the gate dielectric. It also shows that proper surface
doping can enhance operating stability.>® Takeya et al. proposed a
strategy for surface functionalization of single crystal OSC. Charge
transfer at the surface formed a 2D electronic system, enabling a
conductive nanosheet with good properties while keeping the
crystal structure. Doping optimization gave a stable nanosheet.””
Compared with the above-mentioned heterojunction doping and
surface solution doping, surface vapor doping is beneficial to
regulate energy levels, promote electron transfer, and improve
the mobility of devices. Through the surface vapor doping, fine-
tuning of energy levels makes organic semiconductors as optimal
candidates for the active layers in optoelectronic devices. n-Type
doping and p-type doping are the two fundamental doping types in
semiconductor materials, each introducing different types of charge
carriers.”® The growing demand for high-performance n-type semi-
conductors is driven by the need to realize complementary circuits or
dual-carrier devices, which require a balanced distribution of carrier
types and superior electron transport capabilities.”® The develop-
ment of advanced doping techniques for n-type organic semicon-
ductors is therefore critical for the advancement of next-generation
electronic devices,*** offering the potential to unlock new func-
tionalities and performance benchmarks.

In this work, we present the synthesis and self-assembly
process of a tetra-bromine-substituted PDI derivative, (S)-4Br-PDI-
Ph. The crystal structures and optoelectronic characteristics of this
material were studied through X-ray diffraction (XRD) analysis and
device performance measurements. The pristine (S)-4Br-PDI-Ph
single-crystal based OFETs demonstrated an average electron
mobility of 2.93 x 10~* em® V! s~ Following surface doping
with aniline, the mobility was significantly enhanced to 1.19 x
107> em® V' s'. Additionally, the doped OFETs showed
improved photodetection capabilities, with an external quantum
efficiency (EQE) reaching 2200% and a specific detectivity (D*) as
high as 9.7 x 10" jones, alongside a faster response time of
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approximately 0.6 s. These findings underscore the effectiveness of
a straightforward doping strategy for boosting the performance of
organic optoelectronic devices.

Experimental section

Synthesis of chiral semiconductors and self-assembly for
nanowires

For the synthesis of (S)-4Br-PDI-Ph compounds, 1,6,7,12-tetra-
bromoperylene dianhydride (4Br-PTCDA) (5.28 g, 7.46 mmol,
1 equiv.) and (S)-1-phenylethylamine (3.62 g, 29.83 mmol,
4 equiv.) were taken in a round-bottomed flask equipped with
a water-condenser. Thereafter, propionic acid (100 mL) was
added. Under argon atmosphere, the reaction mixture was
refluxed under stirring for 24 h, cooled to room temperature. The
precipitate was filtered off, thoroughly washed with several portions
of water and ethanol, and dried to obtain the crude product. The
crude product was purified by silica gel column chromatography
with dichloromethane (DCM):hexane 2:1 as eluent. Single crystal of
(S)-4Br-PDI-Ph were prepared under a mixed solvent system using
the solubility difference between the solvents, DCM and methanol
(MeOH). A 1 mg mL™" solution of (S)-4Br-PDI-Ph in DCM was first
prepared by dissolving the compound under ultrasonication stirring
at room temperature. Then 1 mL of MeOH was added to 1 mL of
this solution, and the resulting mixture was put into a sealed vial.
After three or four days, the single crystals were formed through the
self-assembly. For crystal analysis, crystals were formed in toluene
solution by diffusion of nonsolvent MeOH.

Materials analysis

The "H NMR and C NMR spectra were measured on a Bruker
Avance III (Ultrashield Plus 400 MHz magnet) spectrometer using
tetramethylsilane as the internal standard. Absorption spectra
were recorded using a V-770 UV-vis-NIR spectrophotometer
(JASCO). Microscopic crystal morphologies were measured using
field emission scanning electron microscopy (FE-SEM, JEOL JSM-
7800F Prime) after 1 min of Pt sputtering. Cyclic voltametric (CV)
measurements were performed using a three-electrode cell with a
polished 2 mm glassy carbon as working electrode, Pt as counter
electrode and Ag/AgNO; as reference electrode. The solution was
prepared in chloroform with 1 x 10™* M concentration of (S)-4Br-
PDI-Ph and 0.1 M of supporting electrolyte, tetrabutylammonium
hexafluorophosphate. In order to calculate the lowest unoccupied
molecular orbital (LUMO) level, the redox data were standardized
to the ferrocene/ferrocenium couple having a calculated absolute
energy of —4.8 eV, using a following equation. The highest
occupied molecular orbital (HOMO) level was calculated using
the optical band gap of UV-vis spectra.

ELUMO = _((Eonset,red - %(Fen‘ocene)) + 48) [EV]

Fabrication of OPTs

Heavily doped silicon wafers (n-type, <0.004 Q cm) with ther-
mally grown 300-nm-thick SiO, (C; = 11.5 nF cm™?) were used as
substrates for fabricating OPTs. The n-octadecyltrimethoxysilane

This journal is © The Royal Society of Chemistry 2025
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(OTS) solution was formed by dissolving 10 pL of OTS in 10 mL
trichloroethylene. The SiO,/Si wafers were cleaned with piranha
solution for 30 min (a mixture of 75 vol% H,SO, and 25 vol%
H,0,), followed by UV-ozone treatment. Then, OTS solution was
spin-coated at 1500 rpm for 30 s onto the wafers, and then the
samples were kept overnight in a vacuum desiccator with a
separate vial containing a few drops of ammonia solution. The
wafers were sequentially washed with toluene, acetone and
isopropyl alcohol, and dried with nitrogen blowing. The fabri-
cated single crystals were filtered and dispersed in ethanol. The
crystal dispersion was carefully drop-casted onto OTS-treated
SiO,/Si substrates, and thermally annealed at 60 °C in a vacuum
oven to remove the residual solvent. Source and drain gold
electrodes (150 nm) were thermally evaporated under high
vacuum condition (<5 x 10~° torr).

Optoelectrical measurements

The current-voltage characteristics of the OFETs were mea-
sured inside a vacuum chamber (< 5.0 x 10”2 torr), by using a
Keithley 4200-SCS semiconductor parametric analyzer. A 532 nm
monochromatic light was obtained from Oriel Cornerstone 130
1/8 m monochromator.

Computational methods for energy level

The structures were optimized by using density functional theory
(DFT) in a vacuum environment, employing the Gaussian 16
software,* the vibrational frequencies were calculated after geo-
metries optimization and no imaginary frequency was found. The
structure optimization, frequency analysis and the energy levels for
the frontier molecular orbitals were obtained at the Becke three-
parameter Lee-Yang-Parr (B3LYP)* functional combining with
6-31G(d)’® basis set, and no imaginary frequency was found.

Results and discussion

Synthesis of chiral organic semiconductors and their
self-assembly for nanowire fabrication

(S)-4Br-PDI-Ph was synthesized from tetra-bromo PTCDA with
(S)-1-phenylethylamine (the details are described in Experi-
mental section).?” The product was purified by chromatography
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on silica gel with eluent of DCM/hexane and recrystallized from
a solvent mixture of DCM and MeOH to give (S)-4Br-PDI-Ph
(Fig. 1a). Based on CV analysis (Fig. S1, ESIt) and DFT calcula-
tions (Fig. 1b), synthesized (S)-4Br-PDI-Ph has an energy band
gap comparable to that of conventional bay-substituted PDI
materials.>” The HOMO and LUMO energy levels of the molecule
are determined to be —6.28 eV and —3.72 eV in DFT calculation
and —6.16 eV and —3.96 €V in CV analysis, respectively, indicat-
ing a well-defined electronic structure suitable for optoelectronic
applications. As shown in Fig. 1c, the absorbance spectrum of (S)-
4Br-PDI-Ph dissolved in DCM (10~* M) exhibited distinct peaks in
the visible wavelength range. Four main absorption peaks were
observed at 532, 499, 441, and 420 nm, corresponding to the 0-0,
0-1, 0-2, and 0-3 vibronic transitions of the individual molecules,
respectively. In contrast, the absorbance spectrum of the fabri-
cated single crystals was red-shifted by approximately 7 nm
compared to the solution, which can be attributed to the strong
intermolecular interactions present in the solid-state.

The morphological characteristics of (S)-4Br-PDI-Ph single
crystals were investigated using scanning electron microscopy
(SEM). As shown in Fig. 2a and Fig. S2 (ESIt), the resulting
crystals are single-crystal nanowires with sizes ranging from 10
to 150 pm. To further understand the molecular arrangement
of (S)-4Br-PDI-Ph, single-crystal XRD analysis was conducted to
determine its crystal structure (Fig. 2b and c). The analysis
revealed that (S)-4Br-PDI-Ph crystallizes in the triclinic C, space
group, with the molecule adopting a twisted backbone struc-
ture, analogous to the other bulk halogen-substituted or bay-
substituted PDIs.”***° The crystal structure of (S)-4Br-PDI-Ph
single crystals was preserved after 5 min of aniline surface
vapor doping, as indicated by the identical peaks observed in
the powder X-ray diffraction measurements (Fig. S3, ESIt).

Effect of surface doping on device performance

To investigate the optoelectronic properties of (S)-4Br-PDI-Ph
single crystals before and after doping, OPTs with bottom-gate
top-contact configurations were fabricated. Fig. 3a illustrates
the schematic of the device structure and doping process. The
optical microscope images of the fabricated OPT devices are
illustrated in Fig. S2 (ESIt). Surface vapor doping was

(c)
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(a) Chemical structures of (S)-4Br-PDI-Ph. (b) Charge-density isosurfaces of the LUMO and HOMO of (S)-4Br-PDI-Ph monomer estimated from

the DFT calculation. (c) UV-vis spectra of (5)-4Br-PDI-Ph in DCM solution (10™* M) and its self-assembled single crystals deposited on a quartz plate.
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(a) A SEM image of (S)-4Br-PDI-Ph organic single crystal formed by diffusion of methanol into the toluene solution. Crystal structure of (S)-4Br-

PDI-Ph; (b) b-axis projection, and (c) drawing of n—m stacking for the (S)-4Br-PDI-Ph. (d) Stacked layers of (S)-4Br-PDI-Ph shifted by half their short

length, color code: N, light grey; O, red; Br, blue.

performed by treating the fabricated OPTs with aniline vapor.
The OPT devices were exposed to saturated aniline vapor for
5 min at 50 °C under a nitrogen-filled closed space, therefore
aniline vapor effectively adsorbed to single crystals surface and
altered its electronic transport characteristics. As an n-type dopant,
aniline interacts with semiconductor molecules, by donating
electrons to increase the electron density (Fig. S4, ESIT)."* The
long-range m-electron delocalization along the axis of the nano-
wires after aniline doping on the outer surface resulted in
improvement of the charge carrier mobility and optoelectronic
response of the crystals.*" Charge transport characteristics of

(a) (b)

individual single crystals were investigated using the fabricated
OPTs under dark and vacuum condition (<102 torr). Fig. 3b, ¢
and Fig. S5a (ESIT) show the transfer characteristics of (S)-4Br-PDI-
Ph single crystal-based OPTs before and after doping. After doping,
clear enhancement of electronic properties were observed, such as
the negative shift of threshold voltage (V) and a steeper slope. The
average electron mobility increased over 4 times, from 2.93 x
10° em® V' s to 119 x 102 em® V! s~ ', The maximum
electron mobility could reach to 4.92 x 10> cm* V. In addition,
the average threshold voltage negatively shifted from 12.5 V to
8.4 V, while maintaining a good an on/off ratio (Ion/Iog) of over 10°.
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(a) Schematic illustrations of fabricated OPT device and its doping process. Transfer characteristics of (b) pristine and (c) doped (S)-4Br-PDI-Ph

single crystal based OPTs. (d) Output characteristics of pristine and doped (S)-4Br-PDI-Ph single crystal based OPTs. (e) UV-vis spectra of pristine and

doped (S)-4Br-PDI-Ph single crystals.
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Notably, our mild doping strategy not only improved the electrical
performance but also preserved the on/off ratio of the OFETs and
their operational stability. The output properties in Fig. 3d and
Fig. S5b (ESIt) further support the doping effect. Compared with
pristine devices, doped devices exhibited higher output currents
under various gate voltages. This shows that through surface
doping, the electron transport path is optimized, and the conduc-
tivity of the device is improved. This improvement may be attributed
to the charge transfer interaction between aniline and (S)-4Br-PDI-
Ph molecules, resulting in an adjustment of molecule energy levels
and improved electron transport efficiency. The doping process also
effectively eliminated electron traps at the crystal step edges, which
would otherwise hinder charge transport.®® This is further sup-
ported by the calculated number of deep interface trap states (Niap)
derived from the subthreshold region analysis,*

Ntrap = Ci|VT - Vonl/e

where C; is the gate dielectric capacitance, V,, is the onset voltage,
and e is the elementary charge. As presented in Table S2 (ESIY), the
doped (S)-4Br-PDI-Ph single crystals exhibited a reduced Niwp
of 1.9 x 10" ecm™> compared to 4.8 x 10'" cm™> of pristine
condition. In addition, the absorption spectra of doped crystals
exhibited the blue shift, potentially indicating the passivation of
electron traps. The formation of novel absorption peaks in longer

wavelength region implies the successful doping process by for-
43,44

mation of charge transfer complexes (Fig. 3e).
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To further investigate the optoelectronic properties, the
pristine and doped (S)-4Br-PDI-Ph single crystal based OPTs
were illuminated with a 532 nm monochromatic light, which is
near the absorption maximum. Both devices exhibited photo-
doping effects, characterized by an increase in source-drain
current (Ips) and a negative shift in Vi under light illumination
(Fig. 4a and Fig. S6, ESIT). As the light intensity increased from
20 to 60 uW cm 2, a gradual rise of Ips and a negative shift of
Vr were observed, attributed to the trapping of photogenerated
charge carriers. In addition, the doped crystals show more
distinct photoresponses, suggesting improved charge carrier
generation and transport efficiency due to the doping process.
This enhancement can be attributed to the reduction of electron
traps at the crystal surface and step edges, facilitating more
efficient charge transfer. Key figures of merit, including EQE
and D*, were calculated to evaluate and compare the photo-
detection properties of (S)-4Br-PDI-Ph single crystal-based OPTs
before and after aniline doping, based on the transfer curves
(Fig. 4b). The pristine OPTs demonstrated maximum EQE and
D* values of 967% and 5.4 x 10'" jones, respectively, under
20 uW cm™ > monochromatic light irradiation. After 5 mins of
aniline doping, the devices exhibited significantly improved
optoelectronic performance, with EQE and D* values reaching
2200% and 9.7 x 10" jones, respectively. This enhancement
attributed to the increased charge carrier mobility, which
improved exciton separation efficiency, thereby contributing to
a higher photocurrent.
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(@) Transfer characteristics of doped (S)-4Br-PDI-Ph single crystal based OPT under monochromatic light irradiation varying in intensity

(A =532 nm). (b) EQE and D* results of pristine and doped (S)-4Br-PDI-Ph single crystal based OPTs. Photoresponse time of (d) pristine and (e) doped
(S)-4Br-PDI-Ph single crystal based OPTs. All measurements were taken under vacuum conditions.
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Additionally, the photoresponse time measurements in Fig. 4c
and d highlight the impact of doping on the device’s dynamic
performance upon monochromatic light irradiation. The rise and
decay times are extracted from the time it takes for the current to
rise from 10% to 90% and to fall from 90% to 10% under light
illumination. The pristine single crystal based OPTs exhibit a
slower response time, with a rise time of 3.3 s and a decay time
of 5.9 s, indicating slow carrier dynamics due to trap-limited
transport. However, after aniline doping, the response times are
significantly reduced, with the rise and decay times both decreasing
to 0.6 s and 3.5 s, respectively. This faster photoresponse is likely
due to the reduction of deep trap states, allowing for more rapid
recombination and transport of photo-generated carriers. These
results underscore the effectiveness of our doping strategy in
enhancing both the steady-state and transient optoelectronic prop-
erties of the single-crystal-based OPTs, achieved through a quick
and simple procedure (Table S3, ESIt). Therefore, this study paves
the way for practical photodetector applications using vapor-doped
organic semiconductor single crystals.

Conclusions

In this study, we successfully synthesized a novel PDI material,
(S)-4Br-PDI-Ph. A non-solvent-mediated injection method was
employed to self-assemble (S}-4Br-PDI-Ph into single crystals, taking
advantage of the difference in solubility between the good and poor
solvents. The crystal structure was then analyzed to understand the
molecular stacking manner. Following this, OPTs with a bottom-gate
top-contact structure were fabricated to investigate the optoelectronic
properties of (S)-4Br-PDI-Ph single crystals. The pristine (S)-4Br-PDI-
Ph single-crystal OFETs exhibited an average electron mobility of
2.93 x 107 em® V' s’ However, through a simple surface
doping strategy with aniline, significant enhancements were
achieved. The electron mobility increased around 4 times and
reached 1.19 x 10> em® V' s, while maintaining an on-off ratio
above 10°, underscoring the effectiveness of the doping process in
improving charge transport properties. Furthermore, the calculated
Ngap and UV-vis absorption spectra confirm the effective doping
processes eliminating electron traps that are unfavorable for charge
transport. The doped devices exhibited superior photodetection
capabilities, with the EQE reaching 2200% and D* as high as 9.7
x 10" jones. The doping process not only enhanced photocurrent
but also contributed to a faster response time, reduced to 0.6 s.
These advancements can be attributed to the increased charge
carrier mobility, improved exciton separation, and reduction in trap
states following doping. Overall, the doping strategy employed in
this work proved highly effective in improving the performance of
organic optoelectronic devices. By significantly enhancing both the
electrical and photodetection properties, this approach demon-
strates great potential for the development of next-generation
organic semiconductor devices with superior efficiency.
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