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The exploration and research of low-cost, environmentally friendly, and sustainable organic semiconductor

materials are of immense significance in various fields, including electronics, optoelectronics, and energy con-

version. Unfortunately, these semiconductors have almost poor charge transport properties, which range from

∼ 10−4 cm2·V−1·s−1 to ∼ 10−2 cm2·V−1·s−1. Vat orange 3, as one of these organic semiconductors, has great

potential due to its highly conjugated structure. We obtain high-quality multilayered Vat orange 3 crystals with

two-dimensional (2D) growth on h-BN surfaces with thickness of 10–100 nm using physical vapor transport. Ra-

man’s results confirm the stability of the chemical structure of Vat orange 3 during growth. Furthermore, by

leveraging the structural advantages of 2D materials, an organic field-effect transistor with a 2D vdW vertical het-

erostructure is further realized with h-BN encapsulation and multilayered graphene contact electrodes, resulting

in an excellent transistor performance with On/Off ratio of 104 and high field-effect mobility of 0.14 cm2·V−1·s−1.

Our results show the great potential of Vat orange 3 with 2D structures in future nano-electronic applications.

Furthermore, we showcase an approach that integrates organic semiconductors with 2D materials, aiming to offer

new insights into the study of organic semiconductors.
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Over the past decade, significant research focusing on

the development of organic semiconductors has achieved

great success, [1] and the charge carrier mobility of or-

ganic field-effect transistors (OFETs) has been reported

up to 40 cm2·V−1·s−1. [2] Although most previous studies

on OFETs have focused on the fabrication and quality

improvement of OFETs, [3–6] a few of groups are devot-

ing their efforts to research on sustainable, biodegradable,

low toxicity, or even metabolizable semiconductors due to

their significant and non-negligible advantages in terms of

being environmentally friendly, low-cost, and their large

volumes compared with the traditional organic semicon-

ductors. This means that they can be applied in various

fields, such as biosensors, disposable electronic products,

and implantable electronic devices.

Unfortunately, these types of semiconductor materials

are extremely rare in nature, with a relatively low field-

effect mobility. Until now, the range of mobility in natural

semiconductors (b-carotene, [7] indigo, [8] flavonoids, [9] and

Tyrian purple, [3] etc.) and nature-inspired semiconduc-

tors (perylene diimide, [10] Vat yellow 1 [11] and Vat orange

3 (Vat 3), [10,12] etc.) has ranged from ∼ 10−4 cm2·V−1·s−1

to∼ 10−2 cm2·V−1·s−1. These natural and nature-inspired

semiconductors all have poor charge transport properties,

which limit the potential applications for organic electronic

elements. Therefore, it is crucial to develop and enhance

performance of such organic semiconductors.

Among most organic semiconductors, Vat 3 ex-

hibits relatively good transport properties and surprising

controllability [10] due to its highly conjugated structure,

which allows favorable 𝜋–𝜋 stacking interactions between

molecules, thus facilitating efficient transport of charge

carriers. [13] Moreover, Vat 3, known as anthanthrone, is

also appealing for use in organic solar cells (OSCs) and

organic light-emitting diode (OLED) applications due to

its optical properties. [14] Unfortunately, Vat 3 was often

used as a precursor material for constructing field-effect

transistors with different transport types [13–17] due to its

limited solubility in organic solvents, thus restricting its

applications in OFETs as an organic semiconductor. To

date, there has been little research on the charge transport

properties of Vat 3, especially the crystalline form. Al-

though Mihai et al. [10,12] successfully prepared OFETs of

Vat 3 by vacuum deposition, the thin film of Vat 3 tended

to form severe grain boundaries during coalescence, which

greatly reduced charge carrier mobility, resulting in a mo-

bility of only 1.9× 10−3 m2·V−1·s−1.

Recently, it has been reported that a high-quality or-

ganic semiconductor with highly ordered and excellent

electrical properties can be achieved by adsorption or epi-

taxial growth on h-BN. [18] Zhang et al. [19] realized the

highly ordered single-crystalline material pentacene via

epitaxy on h-BN. Kim’s group [20] obtained high-quality

rubrene films on h-BN via vdW epitaxy. Furthermore,
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highly ordered organic semiconductor crystallite networks

have been successfully prepared on h-BN. [21] These stud-

ies have provided evidence that epitaxial growth on h-

BN is a responsible approach to obtain high-quality

organic semiconductor crystals with high electrical

performance.

In this work, multilayered Vat 3 crystals with 2D

growth on an h-BN surface with a thickness of about 10–

100 nm were achieved by physical vapor transport (PVT),

and Raman testing was conducted to gain further insights

into the obtained Vat 3 crystals. OFETs based on Vat

3 encapsulated by top and bottom h-BN with multilay-

ered graphene contact were fabricated. The performance

exhibits dramatic improvement by two orders of magni-

tude in field-effect mobility compared to OFETs based on

thin-film Vat 3. [10,12]
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Fig. 1. Purification of Vat 3 crystals. (a) The quartz tube after the first purification step, and optical pictures of
Vat 3 material before and after purification. (b) XRD spectra of materials before and after purification. (c) The
infrared spectra of Vat 3 material before and after purification.

Results and Discussion. The purity of the organic

semiconductor is a crucial factor in achieving high per-

formance in OFETs. Previous studies have demonstrated

that the mobility of charge carriers of OFETs can be

increased by orders of magnitude by purifying the or-

ganic semiconductors. [3,22] Thus, in this work, prior to

the growth process, the organic materials, Vat 3 purchased

from Macklin, were purified by three cycles of vacuum sub-

limation in a tube furnace, similarly to Ref. [3]. As seen in

Fig. 1(a), it is obvious that there was some residue left in

the quartz tube after the first purification. After three pu-

rification steps, the organic material (powder) regrew into

a crystalline state with an acicular shape. X-ray diffraction

(XRD) measurements and infrared spectrum (IR) analysis

were carried out on the raw and purified Vat 3. The results

of XRD are shown in Fig. 1(b), where the degree of peaks,

after regrowth, barely changes compared to the initial ma-

terial powder. However, improvement in the intensity of

some peaks is observed, which suggests that the crystal

structure of Vat 3 has been successfully preserved during

the regrowth process while enhancing in some crystal ori-

entations. Together with the optical pictures in Fig. 1(a),

it is indicated that the purification process improved the

crystallinity of organic materials. Moreover, as seen in

Fig. 1(c), the IR results show similar spectra before and

after purifying. It is indicated that the chemical structure

of Vat 3 did not undergo significant changes during the

purification process, rather than introducing new chemi-

cal substances or altering the molecular structure. This

further confirms that no pollution has occurred during the

purifying process. With the improved high crystallinity of

Vat 3, high-property field-effect transistors can be further

obtained.

Subsequently, the Vat 3 crystals are grown on the sur-

face of h-BN using the PVT method in a tube furnace,

similarly to Ref. [23], as seen in the schematic diagram in

Fig. 2(a). Firstly, multilayer h-BN used as the growth sub-

strates was mechanically exfoliated and transferred onto
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silicon dioxides (SiO2), and then characterized using an

optical microscope [Fig. 2(b)]. The purified Vat 3 materials

are heated in the zone of the temperature detector, which

is beneficial for controlling the sublimation temperature

of materials accurately, then sublimed in a flow of carrier

gas (high-purity argon gas here) under atmospheric pres-

sure. The molecular vapor is carried downstream by argon

gas and crystallizes in a lower temperature zone because

of the temperature gradient. The benefit of this method

is the combination of crystal growth with purification. In

this work, the selected sublimation temperature of Vat 3

is 430 ∘C, and the flow rate of argon gas is 20ml/min. The

temperature of the crystal growth zone is from 120 ∘C to

140 ∘C.

Under the above conditions, Vat 3 crystals with a

specific thickness were successfully obtained, as seen in

the optical image in Fig. 2(c). Upon comparison with the

pre-growth state [Fig. 2(b)], it is evident that the Vat 3

crystals have exhibited two distinct morphologies (acicu-

lar crystals on the surface of SiO2, and multilayered crys-

tals with a two-dimensional plane on h-BN), as clearly

observed at the location indicated by the white arrows

in Fig. 2(c). With regard to the two different morpholo-

gies of Vat 3 crystals observed in this work, this may be

attributed to the competition between molecule–molecule

interlayer interaction energies and molecule–substrate in-

teraction energies during the crystal growth. When the

molecule–substrate interaction energies are stronger than

the interlayer interaction energies, the tendency for 2D

growth is greater because of the minimum surface free

energy under the 2D growth model. [24–26] Clearly, for

the acicular crystals, the weak interaction energies be-

tween the molecule and SiO2 cause crystal agglomeration

with the same crystallographic orientation, which means

that the crystals tend to align and grow in a needle-

like shape rather than forming a flat and continuous 2D

layer. Conversely, due to their stronger interaction ener-

gies between the Vat 3 molecules and h-BN, they tend

to nucleate on the surface of h-BN and then undergo 2D

growth, finally forming a flat and well-oriented crystal

layer on h-BN, which is consistent with the results of

Zhang et al. [19]
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Fig. 2. Growth of Vat 3 crystals. (a) The scheme of Vat 3 crystal growth using the physical vapor transport
method. [(b), (c)] Optical images of typical Vat 3 crystals on h-BN before and after crystal growth. [(d), (e)] AFM
images of Vat 3 crystal on h-BN, corresponding to the white solid-line boxes in (c).

In the following discussion, we mainly focus on multi-

layered Vat 3 crystals grown on the surface of h-BN. This

is primarily due to their favorable two-dimensional planar

structures, which have relatively low energy barriers for

charge injection and extraction at the interfaces within de-

vices, and high surface-to-volume ratios for improving the

efficiency and performance of devices. These properties

make the multilayered Vat 3 crystals well-suited to various

applications, including OFETs and logic devices. Figures

2(d) and 2(e) show the atomic force microscope (AFM)

scanned images of typical Vat 3 crystals, corresponding to

the white solid-line boxes shown in Fig. 2(c). The surface

of Vat 3 crystals obtained by PVT is quite clean and flat,

and the thickness of crystals on h-BN was about 60–70 nm.

This characterization highlights the high quality and uni-

formity of the Vat 3 crystals, indicating their suitability

for further studies and potential applications.

Furthermore, Raman spectroscopy was employed to

confirm the presence of Vat 3 crystals. To exclude the in-

fluence of substrate, an additional sample consisting solely

of h-BN on SiO2 was also evaluated. By comparing the

Raman spectra of pristine h-BN and Vat 3 grown on h-

BN, the Raman spectrum of Vat 3 can be isolated and

distinguished. It can be clearly seen that Vat 3 grown on

h-BN exhibits similar features to purified Vat 3 crystals, as

seen in Fig. 3(a), suggesting that Vat 3 possesses identical

chemical structures and similar crystal structures. This

indicates that the organic molecular structure of Vat 3

remains relatively stable during the growth process. [27]

Furthermore, it is worth noting that despite the similar
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Raman spectra between Vat 3 crystals before and after

growth, there may still be some deviations in the individ-

ual Raman peaks. However, we could not understand the

exact cause of these deviations based only on the Raman

results. The potential reasons for these deviations may be

the differences in lattice or lattice defects introduced dur-

ing the growth process, which require further investigation

and development.

Figures 3(b)–3(d) show the photoluminescence (PL)

spectra of multilayered Vat 3 crystals on h-BN with

angle-resolved excitation and emission polarization using

a 532 nm laser. The PL of multilayered Vat 3 exhibits

two non-negligible peaks at 2.01 eV and 2.12 eV, respec-

tively, as seen in Fig. 3(b). The energy difference of the

value 0.11 eV between the two peaks can be primarily at-

tributed to the energy-level transitions within the Vat 3

molecule. [28] By extracting the peak values from the PL

curves at different emission polarization angles (𝜃) ranging

from 0∘ to 360∘, a strong dependence relationship with a

periodicity of 180∘ can be observed at room temperature.

Here, the dichroic ratio (DR) is expressed as the ratio of

the highest PL peak intensity values to the lowest, which is

extracted at 0∘ and 90∘ in our measurements, respectively.

As shown in Figs. 3(c) and 3(d), the DR value in the Vat

3 sample reaches up to 9.36, comparable to the reported

results in organic semiconductor materials. [19,29] This indi-

cates that the emission of multilayered Vat 3 exhibits sig-

nificant polarization characteristics in different directions,

suggesting the presence of strong in-plane anisotropy.

Next, we focus on electrical properties of multilayered

Vat 3 grown on h-BN. Firstly, conventional direct con-

tacts were selected to fabricate the devices, as seen in

the typical optical image in the inset image of Fig. 4(a).

Source-drain Au electrodes (100 nm) were fabricated by

electron-beam evaporation using photoresist and electron-

beam lithography technology. Highly conductive silicon

was used as a global back-gate. Figures 4(a) and 4(b)

show the room-temperature output and transfer charac-

teristics of the multilayered Vat 3 OFET. Under a bias

voltage of 10V, the on-current achieved is 500 nA with a

106 on/off ratio. Additionally, the carrier mobility of the

multilayered Vat 3 crystal as a function of 𝑉gs is calculated

[see Fig. 4(c)] and extruded using the following equation:

𝜇 =
𝑑𝐼ds
𝑑𝑉gs

𝐿

𝑊

1

𝐶bg𝑉ds
, (1)

𝐶bg =
𝜀0

𝑑1/𝜀1 + 𝑑2/𝜀2
, (2)

where 𝜇 represents the field-effect mobility, 𝐼ds and 𝑉gs are

the source-drain current and gate voltage, 𝑊 and 𝐿 are the

geometric factors of the channel (length and width), 𝐶bg

is the specific capacitance of the bottom dielectric, and 𝑑1
and 𝑑2 are the thicknesses of the h-BN (∼ 30 nm) dielec-

tric and SiO2 (∼ 285 nm) dielectric, respectively. All of

the mobilities in this study are extracted from the linear

regime.
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Fig. 3. Crystal characterization of multilayered Vat 3 on h-BN. (a) The Raman spectrum of h-BN (blue line), Vat
3 on h-BN (red line), and Vat 3 crystal (green line), respectively, using a 785 nm laser. (b)–(d) Photoluminescence
spectra of multilayered Vat 3 crystals on h-BN with angle-resolved excitation and emission polarization using a
532 nm laser.
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As seen in Fig. 4(c), the field-effect mobilities under

bias voltages of 5V and 10V exhibit distinct behavior with

peak mobilities of ∼ 0.02 and ∼ 0.03 cm2·V−1·s−1, respec-

tively. Compared with the carrier mobility of vacuum-

processed Vat 3 thin-film transistors, [10,12] our results rep-

resent a slight improvement by one order of magnitude.

The higher carrier mobility observed in our results sug-

gests that the molecular stacking arrangement in multi-

layered Vat 3 crystals on h-BN is more favorable for elec-

tron migration, in which conjugated molecules have strong

interactions with neighboring molecules to maximize the

overlap of 𝜋 molecular orbits. Moreover, the thin films that

undergo three-dimensional growth at the dielectric inter-

face tend to form severe grain boundaries during the coa-

lescence process. These grain boundaries act as trap sites

and significantly reduce the mobility of charge carriers. [30]
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Regrettably, despite the slight improvement in the

field-effect mobility, it remains extremely limited, and the

data with conventional direct contacts appears to be very

unstable. This could be attributed to unreasonable oper-

ating procedures during the device fabrication process. It

has been reported that organic semiconductor crystals, in

contrast to traditional semiconductor materials, are easily

polluted by organic solvent (photoresist, acetone, etc) dur-

ing fabrication or are damaged by the thermal irradiation

during the vacuum deposition of electrodes, resulting in

poor performance of OFETs. [31] Moreover, the 𝐼–𝑉 results

[Fig. 4(a)] suggest that there is a considerable contact re-

sistance between the Au source/drain electrodes and mul-

tilayered Vat 3 crystal, which is one of the non-negligible

factors that may contribute to the observed low mobility.

To further enhance the performance of our devices, we

have redesigned and optimized the structure of the OFET,

leveraging the advantages of 2D materials. As seen in

Fig. 5(a), a multilayered h-BN was used as a top layer

to encapsulate multilayered Vat 3 crystal and to provide

protection from direct exposure to potential dangers. [32,33]

Multilayered graphene, as an excellent conductor with a

relatively low work function (about 4.3 eV), was used as

the electrode material to interface with the multilayered

Vat 3 crystal to match the lowest unoccupied molecular

orbital of Vat 3, about ∼ 3.8 eV. [11,34] In addition, highly

conductive silicon was used as a global back-gate simi-

larly. After fabrication of the heterostructure using the

dry transfer method, further processing of the multilayered

graphene contact 2D heterostructure OFET in the form of

h-BN/multilayered graphene/Vat 3 crystal/h-BN was car-

ried out using standard micro–nano processing technology,

including electron beam lithography, reactive ion etching

and electron beam evaporation.

Obviously, higher transistor performance is obtained

in OFETs with 2D heterostructures, as seen in Figs. 5(b)–
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5(d). Under the protection of the top-layer h-BN and

the connection of multilayered graphene electrodes [in-

set image in Fig. 5(b)], the maximum on-current can

reach 300 nA with a bias voltage as low as 2V with

a 104 on/off ratio at 𝑉bg = 60V, as seen in the 𝐼–𝑉

and transfer curves in Figs. 5(b) and 5(c); meanwhile,

the maximum of the source-drain current in our device

is on the microampere scale. Furthermore, the field-

effect mobility has also significantly increased with the re-

designed and optimized OFET structure using graphene

electrodes. The peak mobilities under bias voltages of

1V and 2V are ∼ 0.1 and ∼ 0.14 cm2·V−1·s−1 [Fig. 5(d)],

respectively, which have increased by one order of mag-

nitude compared to the OFET with conventional direct

contacts, and by two orders of magnitude compared to

vacuum-processed Vat 3 thin-film transistors. [10,12] Com-

pared with other similar semiconductors, such as Vat or-

ange 9 (1.4 × 10−4 cm2·V−1·s−1 [35]), Vat yellow 4 (1.5 ×
10−4 cm2·V−1·s−1 [35]), indigo (2 × 10−4 cm2·V−1·s−1 [8]),

Vat yellow 1 (0.012 cm2·V−1·s−1 [11]), and Vat blue 4

(7.5×10−3 cm2·V−1·s−1 [36]), the performance of the Vat 3

reported here has great advantages in OFETs. Moreover,

the optimized device exhibits a more linear 𝐼–𝑉 curve.

This indicates that using graphene as electrodes has suc-

cessfully reduced the electronic injection barrier, which

may be one of the main reasons why the optimized de-

vice demonstrates high transistor performance. Another

significant reason is that the optimized OFET structure

effectively protects the Vat 3 crystal, preventing damage

during the device fabrication process.
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Fig. 5. Electrical properties of multilayered Vat 3 grown on h-BN with multilayered graphene contacts. (a) A
scheme of the device structure. (b) Room-temperature 𝐼ds–𝑉ds characteristics of the device under different 𝑉gs. The
inset is the optical image of a typical device. (c) Room-temperature transfer characteristics of the device. (d) The
calculated field-effect mobility as a function of 𝑉gs.

In summary, we have successfully fabricated OFETs

based on the low-cost, environmentally friendly, and sus-

tainable organic semiconductor Vat 3. Using the PVT

method, multilayered Vat 3 crystals with 2D morphology

were successfully obtained on the surface of h-BN. The Ra-

man and PL spectra further demonstrated the high quality

of the Vat 3 crystals. Through h-BN encapsulation and

graphene contact, the carrier mobility of the high-quality

OFET based on the multilayered Vat 3 heterostructure

can reach up to 0.14 cm2·V−1·s−1, which is significantly

improved compared to the OFETs of Vat 3 with direct

contacts. Our results offer new insights into the study of

organic semiconductors and pave the way for the future

development of vertical assemblies based on organic semi-

conductors.

Method. In this work, AFM and Raman measure-

ments were carried out using a Bruker Icon system and a

HORIBA (LabRAM Odyssey), respectively. A laser with

785 nm wavelength and 2mW power was applied in this

study. The infrared spectra (wave number range of 400–

4000 cm−1) were recorded on a Fourier transform infrared

spectrometer (BRUKER TENSOR) by mixing the samples

with KBr pellets and pressing into plates for tests. For the

Vat 3 heterostructure with graphene electrodes, top-layer
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h-BN and multilayered graphene were stacked in sequence

using a dry transfer procedure, [37] then deposited onto the

surface of Vat 3 at 120 ∘C and cleaned with acetone to com-

plete the preparation of the heterostructure. Au electrodes

with thickness of 100 nm were deposited onto the surface

of Vat 3 or contact graphene using standard micro–nano

processing technology: specifically, electron beam lithog-

raphy, reactive ion etching, and electron beam evapora-

tion, to form conventional direct contacts and graphene

contacts, respectively. Electrical measurements were per-

formed using a Keithley 1500A semiconductor parameter

analyzer under an atmospheric environment.
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