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Sub-5 nm single crystalline organic p-n
heterojunctions
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The cornerstones of emerging high-performance organic photovoltaic devices are bulk het-
erojunctions, which usually contain both structure disorders and bicontinuous inter-
penetrating grain boundaries with interfacial defects. This feature complicates fundamental
understanding of their working mechanism. Highly-ordered crystalline organic p-n hetero-
junctions with well-defined interface and tailored layer thickness, are highly desirable to
understand the nature of organic heterojunctions. However, direct growth of such a crys-
talline organic p-n heterojunction remains a huge challenge. In this work, we report a design
rationale to fabricate monolayer molecular crystals based p-n heterojunctions. In an organic
field-effect transistor configuration, we achieved a well-balanced ambipolar charge transport,
comparable to single component monolayer molecular crystals devices, demonstrating the
high-quality interface in the heterojunctions. In an organic solar cell device based on the p-n
junction, we show the device exhibits gate-tunable open-circuit voltage up to 1.04V, a
record-high value in organic single crystalline photovoltaics.
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emiconductor p-n heterojunctions are essential building

blocks for various optoelectronic devices and important

platforms for investigation of device physics!-3, though
most of the p-n heterojunctions by far are based on inorganic
semiconductors*~1>. Taking organic photovoltaic (OPV) devices
as an example, critical physical processes such as exciton dis-
sociation, which essentially dominate the efficiency of OPVs,
occurs at the p-n heterojunction interfaces. However, the fun-
damental physical mechanisms regarding these processes are still
under debate. This is because the exciton diffusion length is
typically about 5-20 nm in OPVs!®17, while the thickness of p-n
junction is typically higher than this length. Therefore, semi-
conductor layers outside the exciton diffusion range bring chal-
lenges for probing the exciton-related processes underneath. On
the other hand, when thickness of the p-n junction is downscaled
to the molecular level, excitons generated by photon absorption
would be present directly at the p-n junction interface with low
loss, and then probably completely dissociate into free holes and
electrons. It has been experimentally validated higher device
performance could be obtained when size of micro-phase domain
decreased!®19, and the optimized micro-phase domain size might
vary from case to case depending on the materials used. However,
the bulk heterojunctions inevitably comprise both structure dis-
orders and complex interpenetrating grain boundaries with
interfacial defects, which poses difficulties for elucidating the
exciton physics in OPV studies. Hence, achieving highly ordered
crystalline p-n heterojunctions with atomically well-defined
interface at monolayer thickness limit, is a powerful strategy for
studying exciton physics without the limitations imposed by
exciton diffusion lengths, as well as an efficient way to reveal the
fundamental mechanisms in organic optoelectronic devices.
Organic p-n junctions consisting of monolayer molecule crystals
(MMCs) combine the advantages of MMCs and crystalline
heterojunctions?9-36, which not only have the inherently efficient
charge carrier transport in molecular crystals, but also have
bilayer thickness with atomically sharp junction interfacel!?,
providing a perfect solution to the above-mentioned challenges.
However, the direct growth of such thin single-crystalline p-n
heterojunctions remains a huge challenge, which significantly
limits their applications in organic optoelectronic devices.

Results

Growth and characterization of MMCs based p-n heterojunc-
tions. The low yield of MMCs and lack of a general growth strategy
significantly hinders the mass production of MMCs and limits their
further application in p-n heterojunctions. Thus, to overcome this
challenge is urgent. In our current study, we proposed a controllable
two-dimensional space phase separation method, and MMCs are
obtained from a solution mixture of poly(methyl methacrylate)
(PMMA) and 2,6-bis(4-hexylphenyl)anthracene (C;,DPA, Fig. 1a)%°.
By optimizing the parameters, such as the concentration of PMMA
and C¢DPA weight concentration in the solution system (Supple-
mentary Note 1 and Supplementary Figs. 1-7), large scale MMCs
could be obtained when the thickness of the blended films is tuned
under 10nm by adopting 4 mgmL~! PMMA and 20 wt% of
C¢DPA, and the control of the concentrations is vital for the suc-
cessful fabrication of MMCs. The films exhibit uniform color and
brightness under cross-polarized microscopic observation (Fig. 1b
and Supplementary Fig. 1d, e), typical characteristic of single-
crystalline films. Further atomic force microscopy (AFM) mea-
surement evidences a thickness of 2.7 0.1 nm (Fig. 1c), smaller
than the DFT calculated molecular length of C4DPA (3.2 nm),
indicating a tilted angle of around 57.6° (Supplementary Note 2),
which is observed in other monolayer37-38, Moreover, optical and
fluorescent microscopic images indicate the uniformity of crystals

with uniform color distribution, and the maximal lateral size of the
MMCs reaches up to 0.47 mm (Fig. le, f). High-resolution AFM
(HR-AFM, Fig. 1d) and grazing incidence wide-angle X-ray scat-
tering (GIWAXS, Supplementary Fig. 8) results demonstrate the
MMCs have highly ordered structure, where the lattice constants
along the b and c axes are 0.45 nm and 0.47 nm, respectively, with a
0~ 99.5°, while the coherence length is about 13 nm. It indicates
that CsDPA MMC:s are exclusively distributed on the top of PMMA
layer rather than on the surface of SiO, substrates or inside the
PMMA, according to photo-induced force microscopy (PiFM) and
time of flight secondary ion mass spectrometry (TOF-SIMS, Fig. 2,
Supplementary Note 3 and Supplementary Figs. 9 and 10).
Successful preparation of a series of MMCs, such as 2,7-dioctyl
[1]benzothieno[3,2-b][1]benzothiophene (CgBTBT)33, 1,4-bis
((5'-hexyl-2,2'-bithiophen-5-yl)ethynyl)benzene (HTEB)3° and
2,2'-(2,8-bis(3-hexylundecyl)-1,3,7,9-tetraoxo- 1,2,3,7,8,9-hexahy-
dro-[1,3]dithiolo[4’,5":5,6]benzo[1,2,3,4-lmn][1,3]dithiolo[4,5-f][3,
8]phenanthroline-5,11-diylidene)dimalononitrile (NDI*%) (Supple-
mentary Fig. 11), opens a way to fabricate bimolecular layer p-n
junctions by the two-dimensional space phase separation method.
One possible strategy to achieve ultra-thin p-n heterojunctions is
to use a blend of p-, n-type semiconductors and PMMA in the
processes. A p—n heterojunction is indeed obtained by the one-step
spin-coating method when a NDI (n-type, 0.2 mg mL~1)/C,DPA
(p-type, 1 mgmL~1) blend was employed. However, this strategy
has not yet been successful in other p-/n-type semiconductor
blends. We suspect that the p-n heterojunctions can be formed by
our method only when the two crystals share similar lattice
parameters (Fig. 1m, n, Supplementary Fig. 12 and Supplementary
Table 1). Different from the p-n heterojunctions fabricated by
mechanically transferring, the thickness of the heterojunction
prepared by our method can be precisely controlled at a
bimolecular level (Fig. 1g, h). Optical images, fluorescent images,
and AFM images confirm that the heterojunctions have a distinct
boundary (Fig. 1h-k), with the monolayer NDI crystal (1.7 nm)
located on the top of the heterojunction. The absorption and
fluorescent spectra of the MMCs and bilayer p-n junctions are also
recorded and illustrated in Supplementary Note 4 and Supple-
mentary Fig. 13. Transmission electron microscope (TEM) and
TOF-SIMS characterizations (Fig. 11 and Supplementary Fig. 14)
also indicate the bilayer structure of the heterojunction and the
bottom C¢DPA MMC structure with a thickness of 2.8 nm. The
embedded bottom CsDPA MMC has been verified by thickness
effect on intensity of Raman spectrum (Supplementary Fig. 15).
The two-dimensional space phase separation process would be
dominated by multiple factors, including surface energies,
evaporation rate of the solvent, and spin speed*!-43, To validate
the versatility of our fabrication strategy, a variety of substrates
were used, including SiO,, Si, quartz, Hf,0s, and plastics
(polyethylene terephthalate (PET)). Oxygen plasma treatment
was used to improve the wetting property of substrates
(Supplementary Methods), and similar MMCs of C4DPA could
be obtained from these substrates (Supplementary Figs. 1h and 7).
We also investigate the effect of polymer composition on the
formation of MMCs by preparing the samples from mixture of
CsDPA and other polymers, such as poly(3-hexylthiophene)
(P3HT, regiorandom) and poly[2,5-bis(3-tetradecylthiophen-2-
yDthieno[3,2-b]thiophene] (PBTTT-C14). We observe that
MMC:s could be obtained from the CsDPA/P3HT, but not from
CsDPA/PBTTT-C14 (Supplementary Fig. 16). Given the remark-
able difference in crystallinity between P3HT and PBTTT-C14, it
suggests that crystallinity of the polymer may play a critical role
in the phase separation processes. To validate our hypothesis, we
used the P3HT possessing different regioregularity, with crystal-
linity following P3HT (regular, regioregularity >95%)>P3HT
(regioregular, regioregularity >90%) >P3HT (regiorandom) for
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Fig. 1 Characterization of 2,6-bis(4-hexylphenyl)anthracene (C¢,DPA) monolayer molecule crystals (MMCs) and bimolecular layer p-n
heterojunctions. a Molecular arrangement of C¢DPA MMCs with thickness of around 2.7 nm. Blue represents carbon atom and gray represents hydrogen
atom. b-f Characterizations of CsDPA MMCs: b cross-polarized optical micrograph; ¢ atomic force microscopy (AFM) image; d high-resolution AFM (HR-
AFM) image (insert: corresponding 2D Fourier transfer pattern); e, f optical and fluorescent images of large area MMCs, respectively (the dotted line areas
refer to poly(methyl methacrylate) (PMMA) and the others CcDPA MMCs). g Molecular arrangement schematic of bimolecular layer p-n heterojunctions
consisting of 2,2'-(2,8-bis(3-hexylundecyl)-1,3,7,9-tetraoxo-1,2,3,7,8,9-hexahydro-[1,31dithiolo[4',5":5,6]benzo[1,2,3,4-Imn][1,3]dithiolo[ 4,5-f][3,8]
phenanthroline-5,11-diylidene)dimalononitrile (NDI) MMC (top, around 1.8 nm thick) and C¢DPA MMC (bottom, around 2.8 nm thick). Red represents
oxygen atom, yellow represents sulfur atom, purple represents nitrogen atom. h-n Characterizations of NDI-CcDPA MMCs based p-n heterojunctions:
h optical image; i fluorescent image at the excitation wavelength of 365 nm (the dark and green regions refer to NDI and C¢DPA, respectively);

j fluorescent image at the excitation wavelength of 530 nm (the red and dark regions refer to NDI and C¢DPA, respectively, the exposure time is elongated
for better contrast to show the clear p-n interface); k AFM image; | cross-sectional transmission electron microscope (TEM) image; m, n HR-AFM of
Ce¢DPA MMCs (b: 0.48 nm, ¢: 0.48 nm, 0: 102.1°) and NDI MMCs (b: 0.45 nm, c¢: 0.46 nm, 6: 99.1°), respectively. The insert images are corresponding 2D
Fourier transfer patterns.

solution mixtures (Supplementary Fig. 17). After spin-coating the
mixture, CsDPA MMCs were obtained on both regiorandom
P3HT and regioregular P3HT, with the former one having better
morphology uniformity. In comparison, no MMCs could be
observed for the regular P3BHT/CsDPA mixture (Supplementary
Fig. 16). Such results imply that amorphous polymers are in favor
of forming MMCs.

During the spin-coating process, phase separation between PMMA
and C¢DPA occurred with C¢DPA located on top of the PMMA
films. With the effect of centrifugal force, the formation of thick and

multilayer crystals has been suppressed effectively. In order to
understand the self-assembly processes of CsDPA crystalline films on
CsDPA/PMMA interface, the dynamics of CsDPA molecules with
chlorobenzene were imitated by non-equilibrium molecular
dynamics simulations, as shown in Fig. 2e*4. The results show that
the CsDPA molecules can form a relatively ordered and obliquely
oriented monolayer on amorphous PMMA upon solvent evapora-
tion. The formation of CsDPA crystalline films began because of the
stronger intermolecular interaction between CsDPA molecules (m—m)
compared with that between C4DPA and PMMA (C-H - - - n).
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Fig. 2 Distribution and self-assembly process of CsDPA MMCs. a-d Time of flight secondary ion mass spectrometry (TOF-SIMS) images of C¢DPA
MMCs: a two-dimensional TOF-SIMS images of CsgHa;T corresponding to C¢DPA (the bright colors represent CsDPA). b-d 3D analysis of C3gHa™
(C¢DPA, red colors), CsHsO,T (PMMA, blue colors), respectively and total ions (the green colors represent silicon), respectively, as a function of depth.
e Molecular dynamics simulations of the formation of MMCs. The left scheme illustrates the formation process. The zoomed-in image on the top is the

C¢DPA molecular stacking model.

Device fabrication and performance. The high quality of MMCs
promises many potential applications such as organic field-effect
transistors (OFETs) and organic circuits. The OFETs based on
CsDPA MMCs with bottom-gate top-contact device configura-
tion were fabricated. Au stripes were transferred onto MMCs as
source and drain electrodes to obtain abrupt metal-
semiconductor contacts??31:32:34 and SiO, (300 nm)/PMMA
was used as gate dielectric. All electrical characterizations of the
CsDPA MMC devices were carried out under ambient conditions
and all the devices exhibit well-defined transfer characteristics
(Fig. 3a and Supplementary Fig. 18). The average mobility of
C¢DPA MMC devices was estimated to be 1.10 cm? V—1 s~ with
the highest mobility up to 1.61 cm? V=1 s~1. We have also eval-
uated the performance of OFETs based on other MMCs (Fig. 3b,
Supplementary Fig. 19). For instance, OFETs based on CsBTBT
MMCs exhibit a maximum mobility of 3.16 cm? V—1s~! (Sup-
plementary Fig. 19b), which is higher than the device with
ultrathin active layers obtained from other solution process®.
The devices with different thickness of CsDPA were compared
(Fig. 3¢, Supplementary Note 5 and Supplementary Fig. 20) by
solvent vapor annealing (SVA) of MMCs/PMMA in saturated
chlorobenzene atmosphere. Interestingly, the MMC devices pos-
sess a higher mobility compared with the thick crystals. The sharp
increase in mobilities for CsDPA MMCs-based OFETs could be
interpreted by the reduced contact resistance??-3%3>, In addition,
OFETs with ultralow operation voltage have also been fabricated
on Si substrates by employing the PMMA layer as dielectric, and
the mobility was extracted to be about 0.84 cm2V—1s~1 at the
2V operation voltage (Supplementary Fig. 21). Moreover, the
ultra-thin structure of MMCs enables the fabrication of ultra-
thin, transparent, flexible, and wearable devices (Supplementary
Note 6 and Supplementary Figs. 22-24). For the bilayer p-n

junction, we also performed electrical measurements on the
corresponding OFETs (see Fig. 3d) and successfully observed
ambipolar transport behaviors, indicating the good contact
between the p-type CsDPA and n-type NDI MMCs (see Fig. 3e).
The hole and electron mobilities are 0.54 and 0.50 cm2 V—1s~1 at
Vps =+ 60 V, respectively, which shows well-balanced ambipolar
charge transport performance. With the ambipolar p-n junction
transistor device as the basic unit, inverters were also prepared,
which exhibit gain of ~14 (see Fig. 3f).

The bimolecular layer single-crystalline p-n heterojunctions
provide ideal platforms for the understanding and development
of OPVs. In order to explore the photovoltaic properties of the
NDI/CsDPA p-n heterojunction, lateral p-n heterojunction
photovoltaic devices were fabricated by transferring Au and Ag
films onto the surface of the C4DPA and NDI crystals,
respectively, to form asymmetric contacts (Fig. 4a). In such a
device, when excitons are generated by photon absorption, they
would dissociate at the p-n junction interface immediately,
following which hole carriers can easily transport along the p-
conducting channel to the anode, and simultaneously electrons
will move to the upper n-type layer and get collected by the
cathode. Figure 4a shows the current-voltage (I-V) character-
istics with different gate bias under the white light illumination
(26.9mW cm~2) in ambient conditions. From these data, we
extracted the short circuit current (I;.) and open-circuit voltage
(Voo) versus the gate voltage (Vi) as shown in Fig. 4b. I
increases linearly with the Vg, whereas V. is also tuned by Vg
and it first increases with V5 and then decreases. Besides, it was
seen that I, and V,. keep increasing as the light intensity
increases from 5.1 to 26.9 mW cm~2 (white light, see Fig. 4c and
Supplementary Fig. 25), which is consistent with previous studies
for normal organic solar cells*0-48,
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Fig. 3 Electrical performance of MMCs and bimolecular layer p-n heterojunction devices. a, b Transfer curves of p-type C¢<DPA and n-type NDI MMC
devices. ¢ Mobilities for C¢DPA devices with different molecular layers (the insert is the working diagram of multilayer crystal device). d Schematic
diagram of bipolar device and inverter device based on NDI (n type)-C¢DPA (p type) heterojunctions. e Transfer curves of p-n heterojunctions devices.
f Characteristics of the inverter at Vpp=—60V.
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Fig. 4 Photovoltaic performance of bimolecular layer NDI (n type)-C;,DPA (p type) heterojunction devices. a Current-voltage characteristics of the

device with different gate voltages under the white light illumination (26.9 mW cm~2). Insert: the structure diagram of the organic photovoltaic (OPV)
device. ¢ Current-voltage characteristics of the device with different light intensities at Vg = —40 V. The dependence of short circuit current (Is.) and open
circuit voltage (V,.) on gate voltage (b) and light intensity (d).
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The maximum value of V. is 1.04+02V at Vg=—40 V,
which is the highest value achieved in organic single-crystalline
p-n heterojunctions so far, to the best of our knowledge. For a
reference, the energy level difference between LUMO of n-type
and HOMO of p-type is about 1.3 eV (see Supplementary Fig. 26).
As Vg increases, I increases linearly with the |Vg| and this is
attributed to the increased gate-induced hole concentrations and
thus the current. The relation between |V, and Vg is rather
complicated. In regular inorganic p-n junctions, the V,, increases
if the majority carriers in either side of the p-n junction are
increased, due to the enlarged difference between the quasi-Fermi
levels for electrons and holes. This trend was exactly observed in
our device when Vg was varied from 0V to —40 V (Supplemen-
tary Fig. 27), where the hole concentration gradually increased in
the p-channel side. However, at higher gate bias, |V, | decreased
and this may be explained as follows: the quasi-Fermi level of the
p-type C¢DPA moves closer to HOMO as gate bias increases.
However, the gate electric field could also downshift the energy
levels of the n-type NDI (including the quasi-Fermi level) and
induce carrier tunneling across the junction interface. As a result,
the open-circuit voltage Vo= (kT/q)*In(Ion/Igan) decreases.
Nevertheless, these results represent interesting physics regarding
to the physical processes in OPVs and can be essential to
understanding the device physics in OPVs.

Discussion

In summary, we report a simple and universal method, namely
two-dimensional phase separation method, to controllably pre-
pare uniform, high-quality, and large-area MMCs by blending the
small molecule semiconductors with amorphous polymers. With
this method, C,DPA MMCs with a lateral size of more than
400 um were successfully obtained. More importantly, the
method is found to be generally applicable to other small mole-
cular semiconductors such as CgBTBT, HTEB, and NDI, and can
be performed on various substrates. Furthermore, we report the
one-step growth strategy for constructing ultra-thin vertical
organic crystalline p-n junctions with atomically clean and sharp
interfaces, and demonstrate their application in a prototype
photovoltaic device. This study not only provides a simple yet
effective solution for the facile fabrication of MMC-based p-n
heterojunctions, but also offers a promising strategy to achieve
next-generation optoelectronic devices at monolayer limit.

Methods

Materials. The CsDPA MMCs were prepared by spin-coating the PMMA/CsDPA
(weight ratio = 4:1) solution on the SiO,/Sit substrates at 1500 rpm for 10's, in
which the dielectric layer is composed of SiO, and PMMA (capacitance, 9.5 nFcm™—2).
Other MMCs could also be obtained by this way but from different small molecule/
polymer blends, that is 1 mg mL~! HTEB and 4 mg mL~! PMMA for HTEB MMCs,
2mgmL~! CeBTBT and 4 mgmL~! PMMA for CgBTBT MMCs and 0.5 mgmL~!
NDI and 4 mg mL~! PMMA for NDI MMCs, respectively. The growth processes of
the MMCs are described in the Supplementary Methods.

Measurements. Raman and fluorescent spectra were carried out by WiITec
alpha300R Confocal Raman Microscope. The microscope images and AFM images
of MMCs were carried out by DM4M fluorescent microscope and Nanoscope IIla
instrument (Digital Instruments), respectively. HR-AFM were carried out by
Cypher ES Environmental AFM (Oxford Instruments AR). The detailed infor-
mation of structure characterization of MMCs are provided in the Supplementary
Methods.

The electrical characteristics of the devices were measured by Keithley 4200-SCS
and Agilent B1500A semiconductor parameter analyzer. The mobility was
extracted from the saturated region characteristics by the equation below:

2
41 . A .
= X ( dv:*‘) . As for the bimolecular layer p-n heterojunction devices, the

influence of gate bias and light intensity was explored in ambient conditions. The
current-voltage (I-V) characteristics of different gate bias were carried out under
the white light illumination (26.9 mW cm~2). The influence of light intensity was
explored as the light intensity increased from 5.1 to 26.9 mW cm™—2.

Simulations. Molecular dynamics (MD) simulations were performed by the
Gromacs-4.6.7 software package with the general AMBER force field, which are
described in the Supplementary Methods.

Statistics and reproducibility. MMCs can be obtained with similar results for
more than 60 times independent experiment. More than 20 OFETs and 5 inverters
and 5 OPVs were prepared, and similar results were obtained.

Data availability

The data that support the finding of this study are included within the Article and its
Supplementary Information files, or available from the corresponding authors upon
reasonable request.

Received: 7 August 2020; Accepted: 8 April 2021;
Published online: 13 May 2021

References

1. Sze, S. M. Physics of Semiconductor Devices, 2nd edn. (Wiley, 1981).

2. Yang, T. et al. Van der Waals epitaxial growth and optoelectronics of large-
scale WSe,/SnS, vertical bilayer p-n junctions. Nat. Commun. 8, 1906 (2017).

3. Li J. et al. General synthesis of two-dimensional van der Waals
heterostructure arrays. Nature 579, 368-374 (2020).

4. Jiang, S, Li, L., Wang, Z., Shan, J. & Mak, K. F. Spin tunnel field-effect
transistors based on two-dimensional van der Waals heterostructures. Nat.
Electron. 2, 159-163 (2019).

5. Frisenda, R., Molina-Mendoza, A. J., Mueller, T., Castellanos-Gomez, A. & van
der Zant, H. S. J. Atomically thin p-n junctions based on two-dimensional
materials. Chem. Soc. Rev. 47, 3339-3358 (2018).

6. Liu, Y. et al. Approaching the Schottky-Mott limit in van der Waals metal-
semiconductor junctions. Nature 557, 696-700 (2018).

7. Liu, Y. et al. Van der Waals heterostructures and devices. Nat. Rev. Mater. 1,
16042 (2016).

8. Zhu, C. R et al. In situ grown epitaxial heterojunction exhibits high
performance electrocatalytic water splitting. Adv. Mater. 30, 1705516 (2018).

9. Geim, A. K. & Grigorieva, I. V. Van der Waals heterostructures. Nature 499,
419-425 (2013).

10. Chang, J. F., Gwinner, M. C., Caironi, M., Sakanoue, T. & Sirringhaus, H.
Conjugated-polymer-based lateral heterostructures defined by high-resolution
photolithography. Adv. Funct. Mater. 20, 2825-2832 (2010).

11. Duan, X. et al. Lateral epitaxial growth of two-dimensional layered
semiconductor heterojunctions. Nat. Nanotechnol. 9, 1024-1030 (2014).

12. Cheng, H. C. et al. Van der Waals heterojunction devices based on
organohalide perovskites and two dimensional materials. Nano Lett. 16,
367-373 (2016).

13. Chuang, S. et al. Near-ideal electrical properties of InAs/WSe, van der Waals
heterojunction diodes. Appl. Phys. Lett. 102, 242101 (2013).

14. Cheng, R. et al. Electroluminescence and photocurrent generation from
atomically sharp WSe,/MoS, heterojunction p-n diodes. Nano Lett. 14,
5590-5597 (2014).

15. Shi, E. et al. Two-dimensional halide perovskite lateral epitaxial
heterostructures. Nature 580, 614-620 (2020).

16. Lin, Y., Li, Y. & Zhan, X. Small molecule semiconductors for high-efficiency
organic photovoltaics. Chem. Soc. Rev. 41, 4245-4272 (2012).

17. Lunt, R. R, Giebink, N. C,, Belak, A. A., Benziger, J. B. & Forrest, S. R. Exciton
diffusion lengths of organic semiconductor thin films measured by spectrally
resolved photoluminescence quenching. J. Appl. Phys. 105, 053711 (2009).

18. Li, W. et al. Universal correlation between fibril width and quantum efficiency
in diketopyrrolopyrrole-based polymer solar cells. J. Am. Chem. Soc. 135,
18942-18948 (2013).

19. Li, W. et al. Effect of the fibrillar microstructure on the efficiency of high
molecular weight diketopyrrolopyrrole-based polymer solar cells. Adv. Mater.
26, 1565-1570 (2014).

20. Lezama, I. G. et al. Single-crystal organic charge-transfer interfaces probed
using Schottky-gated heterostructures. Nat. Mater. 11, 788-794 (2012).

21. Alves, H,, Pinto, R. M. & Macoas, E. S. Photoconductive response in organic
charge transfer interfaces with high quantum efficiency. Nat. Commun. 4,
1842 (2013).

22. Takahashi, Y. et al. Charge conduction properties at the contact interface
between (phthalocyaninato)nickel(II) and electron acceptor single crystals.
Chem. Mater. 26, 993-998 (2014).

23. Huang, S., Peng, B. & Chan, P. K. L. Ambipolar organic field-effect transistors
based on a dual-function, ultrathin and highly crystalline 2,9-
didecyldinaphtho(2,3-b:2’,3’-f]thieno[3,2-b]thiophene (C10-DNTT) layer.
Adyv. Energy Mater. 3, 1700268 (2017).

6 | (2021)12:2774 | https://doi.org/10.1038/541467-021-23066-3 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Novak, M. et al. Low-voltage p- and n-type organic self-assembled monolayer
field effect transistors. Nano Lett. 11, 156-159 (2011).

Cui, Q. H. et al. Coaxial organic p-n heterojunction nanowire arrays: one-step
synthesis and photoelectric properties. Adv. Mater. 24, 2332-2336 (2012).
Zhang, Y. et al. Organic single-crystalline p-n junction nanoribbons. J. Am.
Chem. Soc. 132, 11580-11584 (2010).

He, D. W. et al. Two-dimensional quasi-freestanding molecular crystals for high-
performance organic field-effect transistors. Nat. Commun. 5, 5162 (2014).

Li, H, Fan, C., Fu, W, Xin, H. L. & Chen, H. Solution-grown organic single-
crystalline donor-acceptor heterojunctions for photovoltaics. Angew. Chem.
Int. Ed. 54, 956-960 (2015).

Xu, C. et al. A general method for growing two-dimensional crystals of
organic semiconductors by “solution epitaxy”. Angew. Chem. Int. Ed. 55,
9519-9523 (2016).

Wang, C. et al. N-type 2D organic single crystals for high-performance
organic field-effect transistors and near-infrared phototransistors. Adv. Mater.
30, 1706260 (2018).

Shi, Y. et al. Bottom-up growth of n-type monolayer molecular crystals on
polymeric substrate for optoelectronic device applications. Nat. Commun. 9,
2933 (2018).

Jiang, L. et al. Millimeter-sized molecular monolayer two-dimensional crystals.
Adv. Mater. 23, 2059-2063 (2011).

He, D. et al. Ultrahigh mobility and efficient charge injection in monolayer
organic thin-film transistors on boron nitride. Sci. Adv. 3, 1701186 (2017).
Jiang, L. et al. Realizing low-voltage operating crystalline monolayer organic
field-effect transistors with a low contact resistance. J. Mater. Chem. C. 7,
3436-3442 (2019).

Liu, J., Jiang, L., Hu, W., Liu, Y. & Zhu, D. Monolayer organic field-effect
transistors. Sci. China Chem. 62, 313-330 (2019).

Zhao, H. et al. Strong optical response and light emission from a monolayer
molecular crystal. Nat. Commun. 10, 5589 (2019).

Flesch, H.-G. et al. Microstructure and phase behavior of a quinquethiophene-
based self-assembled monolayer as a function of temperature. J. Phys. Chem.
C. 115, 22925-22930 (2011).

Sizov, A. S. et al. Easily processable highly ordered Langmuir-Blodgett films of
quaterthiophene disiloxane dimer for monolayer organic field-effect
transistors. Langmuir 30, 15327-15334 (2014).

Meng, Q. et al. New type of organic semiconductors for field-effect transistors
with carbon-carbon triple bonds. J. Mater. Chem. 19, 1477-1482 (2009).
Zhang, F. et al. Critical role of alkyl chain branching of organic
semiconductors in enabling solution-processed n-channel organic thin-film
transistors with mobility of up to 3.50 cm? V~1 s~1. J. Am. Chem. Soc. 135,
2338-2349 (2013).

Liu, C. et al. Solution-processable organic single crystals with bandlike
transport in field-effect transistors. Adv. Mater. 23, 523-526 (2011).

Chua, L. L., Ho, P. K. H,, Sirringhaus, H. & Friend, R. H. Observation of field-
effect transistor behavior at self-organized interfaces. Adv. Mater. 16,
1609-1615 (2004).

Genzer, J. & Kramer, E. ]. Wetting of substrates with phase-separated binary
polymer mixtures. Phys. Rev. Lett. 78, 4946-4949 (1997).

Han, G,, Shen, X, Duan, R., Geng, H. & Yi, Y. Revealing the influence of the
solvent evaporation rate and thermal annealing on the molecular packing and
charge transport of DPP(TBFu),. . Mater. Chem. C. 4, 4654-4661 (2016).
Wang, Q. et al. 2D single-crystalline molecular semiconductors with precise
layer definition achieved by floating-coffee-ring-driven assembly. Adv. Funct.
Mater. 26, 3191-3198 (2016).

Cui, Y. et al. Wide-gap non-fullerene acceptor enabling high-performance
organic photovoltaic cells for indoor applications. Nat. Energy 4, 768-775 (2019).

47. Cowan, S. R, Roy, A. & Heeger, A. ]. Recombination in polymer—fullerene
bulk heterojunction solar cells. Phys. Rev. B 82, 245207 (2010).

48. Koster, L. J. A., Mihailetchi, V. D., Ramaker, R. & Blom, P. W. M. Light
intensity dependence of open-circuit voltage of polymer: fullerene solar cells.
Appl. Phys. Lett. 86, 123509 (2005).

Acknowledgements

This work was supported by the Ministry of Science and Technology of China
(2017YFA0204704, 2016YFB0401100), the National Natural Science Foundation of
China (21873108, 21805284, 22075295), the Chinese Academy of Sciences (Hundred
Talents Plan, the Strategic Priority Research Program (Grant No. XDB30000000)).
The authors thank Prof. ].G. Mei, Prof. ].P. Wang, Prof. F. Gao, Prof. H.L. Dong, and
Prof. X.F. Liu for insightful suggestion.

Author contributions

LJ. designed and supervised the project with SW., W.H., Y.L, and H.S;; J.L. and X.G.
synthesized the compounds; M.X. prepared the samples, performed the measurements,
and carried out the analysis with help from J.L., X.Z. CL., and Y.H; G.H. and Y.Y.
carried out the simulations. Y.S. and C.L.L. performed measurement and analysis of HR-
AFM with help from D.W.; Z.C. and Z.L. performed the GIWAXS experiment and
carried out the analysis. Ji. L. provided insightful advice. M.X, J.L., and L.J. wrote the
manuscript. All authors contributed to discussions.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-23066-3.

Correspondence and requests for materials should be addressed to Y.Y., SW. or L.

Peer review information Nature Communications thanks Xinran Wang and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
37 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

| (2021)12:2774 | https://doi.org/10.1038/s41467-021-23066-3 | www.nature.com/naturecommunications 7


https://doi.org/10.1038/s41467-021-23066-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Sub-5 nm single crystalline organic p&#x02013;nobreakn heterojunctions
	Results
	Growth and characterization of MMCs based p&#x02013;nobreakn heterojunctions
	Device fabrication and performance

	Discussion
	Methods
	Materials
	Measurements
	Simulations
	Statistics and reproducibility

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




