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Compared to organic thin films, organic single crystals offer significant potential in organic phototransis-
tors (OPTs) due to their enhanced charge transport, large surface area, and defect-free nature. However,
the development of n-type semiconductors has lagged behind p-type semiconductors. To enhance semi-
conductor device performance, a doping process can be employed, which typically involves the introduc-
tion of charged impurities into the crystalline semiconducting material. Its aim is to reduce the Ohmic
losses, increase carrier density, improve transport capabilities, and facilitate effective carrier injection, ul-
timately enhancing the electrical properties of the material. Traditional doping processes, however, often
pose a risk of damaging the structure of single crystals. In this study, we have synthesized novel cyano-
substituted chiral perylene diimides, which self-assemble into two-dimensional single crystals that can
be used for n-type semiconductor devices. We have employed a surface doping strategy using diethy-
lamine vapor without disrupting the crystal structure. The fabricated devices exhibit significantly higher
charge transport properties after doping, achieving a maximum electron mobility of 0.14cm? V-! s~!, rep-
resenting an improvement of over threefold. Furthermore, the optoelectronic performance of the doped
devices has significantly improved, with the external quantum efficiency increased by over 9 times and
the significantly improved response time. These results suggest that our surface doping technology is a

promising way for enhancing the performance of 2D organic single-crystal OPTs.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Organic field-effect transistors (OFETs) have attracted a great
deal of attention and have been widely used in large-area, flexi-
ble and printable electronics due to their simple fabrication, low-
cost, strong adjustability, and light weight [1,2]. In particular, or-
ganic phototransistors (OPTs) have the ability to tune the density
of the charge carriers under incident light stimuli because of the
third electrode [3]. Among the various types of OPTs, organic small
molecule single crystals are promising candidates for application
in OPTs owing to their large surface area, and defect-free nature
with long exciton diffusion length and high charge carrier mo-
bility [4-6]. Two-dimensional (2D) organic crystals combine the
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inherent advantages of organic photoactive layers with the char-
acteristics of 2D structures. Their unique 2D planar morphology,
low manufacturing cost, and lightweight nature make them highly
valuable for high-performance organic electronics, offering photo-
responsive functions, enhanced charge transport, and facile device
fabrication [7-9]. Although n-channel materials are required for
implementing complementary logic circuits, the development of n-
type materials and their optoelectronic performances in OPTs still
lag behind p-type counterparts [10,11].

Doping refers to introducing impurities into the intrinsic semi-
conductors to modulate their electrical, optical, and structural
properties [5]. It is a promising technology, which can improve car-
rier density, transport capacity, and effective carrier injection by
reducing the Ohmic loss [12]. Doping in intrinsic semiconductors
can be categorized into n-type doping and p-type doping based
on whether the majority carriers, after doping, are electrons or
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Fig. 1. (a) Chemical structure of (R)-CPDI-2CN-Ph. (b) Charge-density isosurfaces of the LUMO and HOMO of (R)-CPDI-2CN-Ph monomer estimated from the DFT calculation.
(c) UV-vis spectra of (R)-CPDI-2CN-Ph in chloroform solution (10~4 mol/L) and its self-assembled single crystals deposited on a quartz plate.

holes. The demand for high-performance n-doped semiconductors
is increasing for achieving complementary circuits with low power
consumption and operational stability. However, they are still rarer
than p-doped semiconductors [13]. With the rapid development of
organic light-emitting diodes (OLEDs) [14], organic solar cells [15],
and OFETs [16,17], n-doped semiconductors become increasingly
important in improving device efficiency and enhancing device sta-
bility [18-20].

To achieve an efficient electron transfer, the ionization energy of
n-dopant needs to be lower than the lowest unoccupied molecular
orbital (LUMO) energy of organic semiconductors (OSCs) [12]. To
avoid using air-sensitive materials directly, the precursors, which
can release reducing n-dopants in situ during the processing, have
been widely used in organic electronics, such as inorganic salts,
organic salts, organic hydrides, and dimers [12]. Other new cate-
gories of n-dopants besides reducing species and their precursors
have also been reported, including anions and amidine derivatives
[12,21,22]. Among various doping methods including coprocessing
and sequential doping, surface vapor doping is more attractive be-
cause it is less detrimental to OSCs. Amines with strong electron
donating nature are good candidates for surface doping.

Perylene diimides (PDIs) with large m-conjugation system are
regarded as one of the most promising n-type semiconductors ow-
ing to their accessibility, chemical stability, high electron affin-
ity, and their optical/electronic properties [23-26]. Chiral OSCs
have recently emerged as highly promising candidates for next-
generation optoelectronics [27-29]. However, research on chiral
semiconducting PDIs is quite rare, and their performances in OPTs
are still not high. In comparison with PDIs with N-substituted
groups at the imide position, bay-substitution on PDIs can be used
to tune optoelectronic properties and solubility of PDIs [30]. Di-
cyanated PDIs (PDI-2CN) have received significant attention due to
their unique combination of high electron mobility, environmen-
tal electron stability, solution-processability, and self-assembling
properties into micro/nano materials [31-36]. They have been
widely used in OFETs by adopting thermal-evaporated or solution-
processed thin films and single crystals. Chiral PDI-2CN thin film
formed by blending with an insulating polymer has been applied
in OPTs [24]. However, there have been few studies conducted on
chiral PDI-2CN single crystals for optoelectronics.

Herein, we describe the synthesis and self-assembly process
of a chiral PDI-2CN named (R)-CPDI-2CN-Ph into 2D materials.
Their crystal structures and optoelectronic properties were inves-
tigated using X-ray diffraction (XRD) analysis and device measure-
ments, respectively. The average electron mobility of pristine (R)-
CPDI-2CN-Ph single crystal-based OPTs was 0.011cm? V-1 s—1, Af-
ter surface doping process with diethylamine, this mobility in-
creased to 0.036cm? V-! s—!. Furthermore, these OPTs exhibited
enhanced photodetection properties, with an external quantum ef-
ficiency (EQE) and specific detectivity (D*) value of up to 6342%
and 4.6 x 101" Jones, respectively, accompanied by a faster re-

sponse time of around 60 milliseconds (ms). These results demon-
strate a simple yet effective method for enhancing the performance
of organic optoelectronic devices.

(R)-CPDI-2CN-Ph was synthesized from di-bromo PTCDA with
(R)-1-phenylethylamine and the subsequent cyanization. The de-
tails are described in Supporting information. Solution of (R)-CPDI-
2Br-Ph (500mg, 0.7 mmol) and CuCN (0.9g, 10mmol) in DMF
(50mL) was heated to reflux under nitrogen for 24 h. After con-
centration, the residue was purified by chromatography on silica
gel (CH,Cly) and recrystallized (CH,Cl,/MeOH) to give (R)-CPDI-
2CN-Ph (Fig. 1a). Based on the cyclic voltammetry (CV) analysis
(Fig. S1 in Supporting information) and density functional theory
(DFT) calculation (Fig. 1b), (R)-CPDI-2CN-Ph exhibited a similar en-
ergy band gap to that of typical bay-substituted PDI materials [30].
However, the high electron affinity of the cyano group in (R)-CPDI-
2CN-Ph resulted in deep-lying LUMO level. This was evidenced
by a LUMO level of —4.16eV in DFT calculation and —4.21eV in
CV analysis, as shown in Table S1 (Supporting information). (R)-
CPDI-2CN-Ph single crystals were fabricated through recrystalliza-
tion method using difference in solubility between toluene and
methanol. Methanol vapor slowly diffused into a 1 mg/mL toluene
solution in a sealed vial over 3—4days, resulting in the formation
of self-assembled single crystals. As illustrated in Fig. 1c, (R)-CPDI-
2CN-Ph dissolved in chloroform exhibited clear absorbance spectra
in the visible wavelength region. It displayed four main peaks at
525, 489, 458, and 434nm, corresponding to 0-0, 0-1, 0-2, and
0-3 vibronic transitions of the individual molecules, respectively.
On the other hand, the absorbance of fabricated single crystals
was red-shifted by around 20nm compared to the solution, aris-
ing from the strong intermolecular interactions. Circular dichroism
(CD) measurements exhibited amplified supramolecular chirality in
the fabricated single crystals, while (R)-CPDI-2CN-Ph in chloroform
solution (1.0 x 10~4 mol/L) did not exhibit CD signals in the visible
wavelength region. This suggests a chirality transfer from its chiral
pendants to the PDI core (Fig. S2 in Supporting information).

The morphological characteristics of (R)-CPDI-2CN-Ph single
crystals were investigated using scanning electron microscopy
(SEM). As shown in Fig. 2a and Fig. S3 (Supporting informa-
tion), the size of the formed crystals ranged between 20 and
200 um, with 2-dimensional tetragonal shape. The crystal structure
of (R)-CPDI-2CN-Ph was studied using single-crystal X-ray diffrac-
tion (XRD) analysis to gain a better understanding of its molecu-
lar arrangement (Figs. 2b and c). This analysis revealed that (R)-
CPDI-2CN-Ph crystalized in the triclinic P1 space group, and this
molecule has a planar PDI core structure, in contrast to halogen-
substituted bay structures, which exhibit twisted backbone struc-
tures [9,30,37]. The planar PDI core further forms a 2D sheet
through the CH.--N hydrogen bonding between the diagonal di-
rection of the conjugated plane, while exhibiting slipped stacking
with adjacent layers (Fig. 2d). The intermolecular shortest distance
between aromatized carbon atoms was 3.45A, which is consis-
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(a)

Fig. 2. (a) A SEM image of (R)-CPDI-2CN-Ph organic single crystal formed by dif-
fusion of methanol into the toluene solution. Crystal structure of (R)-2CN-CDPI-Ph,
(b) a-axis projection, and (c) drawing of w-m stacking for the (R)-CPDI-2CN-Ph. (d)
Stacked layers of (R)-2CN-CDPI-Ph shifted by half their short length, forming a lay-
ered 2D sheet structure. Color code: C, gray; N, light blue; O, red; H, white.

tent with other reported PDIs (Fig. S4 in Supporting information)
[38].

To investigate the optoelectronic properties of (R)-CPDI-2CN-
Ph single crystals, OPTs with bottom-gate top-contact configura-
tion were fabricated. The single crystals dispersed in ethanol were
drop-cast on the n-octadecyltrimethoxysilane (OTS) treated SiO,/Si
wafers followed by thermal annealing at 60°C overnight to re-
move the residual solvent. Then, 150 nm of gold source and drain
electrodes were thermally evaporated under a high vacuum con-
dition (<5 x 10~ torr). The optical microscope images of the fab-
ricated OPT devices are illustrated in Fig. S5 (Supporting informa-
tion). Charge transport characteristics of individual single crystals
were investigated using the fabricated OPTs under dark and vac-
uum condition (<10~2 torr). Amine surface doping was conducted
using diethylamine as an n-type dopant to enhance the optoelec-
tronic performance of (R)-CPDI-2CN-Ph single crystals based OPTs.
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The OPT devices were exposed to saturated diethylamine vapor
for 30 min at 50°C under a nitrogen-filled closed space as illus-
trated in Fig. 3a. For the comparison, both pristine and doped
OPTs were measured respectively. The pristine OPTs exhibited typ-
ical n-type characteristics with an average electron mobility of
0.011cm? V-1 571, an on/off ratio (Ioyef) Over 10, and a threshold
voltage (V) of around 1.8V (Fig. 3b).

After doping, there were clear enhancements in the electrical
properties as shown in Fig. 3c. The average electron mobility in-
creased approximately over 3 times and reached 0.036cm? V-!
s~1 and the threshold voltage negatively shifted to —17.0V, while
maintaining the on/off ratio value over 103. The maximum electron
mobility could reach 0.14cm?2 V-1 s=1, which is significantly higher
than the undoped samples. This strong n-doping effect was also
confirmed from the output curves of the pristine and doped de-
vices (Fig. 3d). The enhanced mobilities suggest that diethylamine
efficiently transferred electrons to the (R)-CPDI-2CN-Ph single crys-
tals. In the electron spin resonance (ESR) spectral analysis, a strong
signal enhancement with a g-factor of 2.0051 was observed after
doping with diethylamine (Fig. 3e). This result indicates the for-
mation of radical anions, which can contribute to m-electron de-
localization. This enables charge carrier transport through the in-
termolecular w-7 stacking, thereby enhancing charge carrier mo-
bility [9,21]. Minor peaks observed in pristine crystals might result
from structural defects or traps. The effective doping process also
resulted from the elimination of electron traps at the step edges
of crystals, which are detrimental for charge transport [39]. This is
further substantiated by the calculated number of deep interface
trap states (Ngap) from the subthreshold regime (Eq. 1) [40],

Ntrap = Ci|VT - Von|/e (l)

where C; is the gate dielectric capacitance, Vo is the onset volt-
age, and e is the elementary charge. As shown in Table S2 (Sup-
porting information), the doped (R)-CPDI-2CN-Ph single crystals
demonstrated a reduced Niap compared with the pristine condi-
tion. In addition, absorption spectra also exhibited mild doping ef-
fects (Fig. 3f). Impressively, our mild doping strategy not only en-
hanced the electrical performances but also maintained the on/off
ratio of OFETs and the operational stability.

The pristine and doped (R)-CPDI-2CN-Ph single crystal based
OPTs were illuminated with a 520 nm monochromatic light source
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Fig. 3. (a) Schematic illustrations of fabricated OPT device and its doping process. Transfer characteristics of (b) pristine and (c) doped (R)-CPDI-2CN-Ph single crystal based
OPTs. (d) Output characteristics of pristine and doped (R)-CPDI-2CN-Ph single crystal based OPTs. (e) ESR spectra of pristine and doped (R)-CPDI-2CN-Ph single crystals. (f)

UV-vis spectra of pristine and doped (R)-CPDI-2CN-Ph single crystals.
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Fig. 4. Transfer characteristics of (R)-CPDI-2CN-Ph single crystal based OPTs (a) before and (b) after diethylamine doping under monochromatic light irradiation varying in
intensity (A =520nm). (c) EQE and D* results of pristine and doped (R)-CPDI-2CN-Ph single crystal based OPTs. Photoresponse time of (d) pristine and (e) doped (R)-CPDI-
2CN-Ph single crystal based OPTs. All measurements were taken under vacuum conditions.

to further investigate the optoelectronic properties. Both devices
exhibited photodoping phenomena of an increased source-drain
current (Ipg) and a negatively shifted V; under light illumina-
tion (Figs. 4a and b). When the light intensity increased from
10pW/cm? to 90pW/cm?, a gradual increase of Ips and a nega-
tive shift of V; were observed, due to the trapping of photogen-
erated charge carriers. Since the trap sites were eliminated from
the diethylamine doping process, the degree of Vg shift was much
clear in the pristine devices. Several figures of merit, such as EQE,
and D*, were calculated to compare the photodetection proper-
ties of (R)-CPDI-2CN-Ph single crystal based OPTs before and af-
ter diethylamine doping, based on the transfer curves (Fig. 4c
and Table S3 in Supporting information). The pristine OPTs ex-
hibited the maximum EQE, and D* values of 674%, and 2.2 x 10!
Jones respectively, under 90 pW/cm? monochromatic light irradia-
tion. After 30 min of diethylamine doping, they exhibited greatly
improved optoelectronic performances while reaching the maxi-
mum EQE, and D* values of 6342%, and 4.6 x 10! Jones, respec-
tively. These improved values originated from the enhanced charge
carrier mobilities, which facilitated the efficiency of exciton sepa-
ration, thereby contributing to the enhancement of photocurrent.
Since the doping process not only increased the photocurrent but
also increased the dark current of the devices by electron transfer,
the degree of enhancement of D* values (over 2 times) was lower
than the EQE values (over 9 times).

The photoresponse time of pristine and doped OPTs was also
measured upon monochromatic light irradiation. The rise and de-
cay times were extracted from the time required for the current to
rise to 90% and decay to 10% of the peak value under light illumi-
nation. The pristine single crystal based OPTs detected the visible
light (520 nm) within the millisecond scale (rise time for 192 ms
and decay time for 945 ms) as shown in Fig. 4d. On the other hand,
the doped devices could respond to the light more rapidly, with
the switching speeds within 57 ms and 422 ms for rise and decay
time, respectively (Fig. 4e). After doping, the number of traps was
reduced and charge carrier mobility was enhanced, which resulted
in faster trap filling and release. Our doping strategy suggests an
efficient way to improve not only the sensitivity of single crystal
based OPTs, but also photoresponse time using a simple and non-

destructive method. Therefore, this study paves the way for practi-
cal photodetector applications using organic semiconductor single
crystals.

In conclusion, a novel chiral cyano-substituted PDI mate-
rial was synthesized and self-assembled into 2D single crys-
tals. Crystal structure analysis revealed that the 2D sheet
was formed by the slipped stacking induced by the CH--N
hydrogen bonding. OPTs with a bottom-gate top-contact con-
figuration were fabricated to investigate the photoelectric
properties of (R)-CPDI-2CN-Ph single crystals. To enhance the
performance of OPTs, (R)-CPDI-2CN-Ph single crystals were ex-
posed to saturated diethylamine vapor for the non-destructive
surface doping. This led to an increase in the average elec-
tron mobility by over threefold, reaching 0.036cm? V-1 s-1,
with the maximum electron mobility of 0.14cm? V-1 s-1. This
suggests that diethylamine effectively transferred electrons to
(R)-CPDI-2CN-Ph single crystals. The formation of radical anions
contributed to m-electron delocalization, facilitating carrier mobil-
ity improvement through intermolecular w-m stacking transport.
Furthermore, the calculated Nyap confirms that effective doping
processes eliminate electron traps that are unfavorable for charge
transport at the crystal edges. After doping, EQE and D* of OPTs
effectively increased to 6342% (~9 times) and 4.6 x 10! Jones
(~2 times), respectively, with the faster response time due to the
enhanced charge transport characteristics and reduced number of
traps. Our research findings demonstrate that doping can greatly
improve the photodetection performance of OPTs, paving an effec-
tive way for the widespread application of organic photodetectors.
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