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ABSTRACT

Organic single crystals are highly promising for applications in optoelectronic devices because of their higher mobility and thermal stability
than amorphous thin films. Although white organic single crystals have been fabricated by the double-doped method and applied to realize
white organic light-emitting devices (WOLEDs), the unbalanced carrier transport properties of the unipolar crystals severely limit the device
performance. Here, ambipolar white organic single crystals are obtained by using mixed p- and n-type molecules as an ambipolar host for
the red and green dopants. The white crystal with balanced carrier transport and balanced blue, green, and red emission intensity was applied
to the single-crystal WOLEDs. The highest brightness of 1956 cd m�2 and the current efficiency of 1.31 cd A�1 are achieved, which are the
best performance of the single-crystal WOLEDs reported to date. A high color rendering index is obtained, which varies between 82 and 87
with increasing driving current. It is expectable that this strategy would support the practical applications of organic single crystal-based
OLEDs.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0045036

In recent years, the development of white organic light-emitting
devices (WOLEDs) with high brightness, efficiency, and color quality
has received significant attention for their applications in solid-state
lighting.1–3 For the realization of WOLEDs with a high color rendering
index (CRI), a three-color strategy (red, green, and blue) is neces-
sary.4,5 To realize three-color WOLEDs, structures including a multi-
layer construction with various emission layers or co-doping of differ-
ent dye materials into the host material to achieve a multi-doping
structure have been used.6 Due to the limitations of the existing tech-
nology, amorphous films including organic small molecules and poly-
mers are preferable for the manufacturing of OLEDs.7 However, the
random orientation of molecules in amorphous films leads to
increased perturbation of the energy states of the system, resulting in
increased scattering of the carriers and low carrier mobility on the

order of 10�4 only.5 Such low carrier mobility limits the device’s ulti-
mate performance.8

Organic single crystals are endowed with much greater carrier
mobility compared to amorphous organic films because of their highly
ordered structure and minimal defects. For example, the highest hole
mobility measured in an OFET (organic field-effect transistor) on the
basis of single rubrene crystals reached as high as 43 cm2 V�1 s�1.9

Efficient carrier injection and transport induced by the high mobility
are crucial for the high performance of the light-emitting devices.11

Hu et al. constructed single-crystal light-emitting field-effect transis-
tors (OLETs) to achieve the highest brightness among OLETs reported
to date by using a high mobility organic single crystal.10 The problem
of fabricating the multi-layered structure of the single-crystal OLEDs
with surface emission has been solved by the template stripping
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method.12–14,24 Various growth methods have been applied to
grow organic single crystals.26–29 Among them, the doping method
has been applied to single-crystal OLEDs to realize white and three
primary colors.13 Despite these advances, unbalanced carrier trans-
port in the crystal OLEDs due to unipolar transport properties of
most organic semiconductors is an obstacle for their high perfor-
mance. It has been demonstrated that it is possible to control the
crystal’s inherent electrical properties by mixing the n-type and the
p-type materials to construct an ambipolar single crystal while
maintaining a single crystal structure.15 This strategy has been
applied to crystal-based blue and red OLEDs and exhibits the
potential to fabricate the organic single-crystal WOLEDs with
improved performance.

In this Letter, we have demonstrated the growth of ambipolar
white organic single crystals for achieving high-brightness and high-
efficiency single-crystal WOLEDs. The ambipolar white single crystals
were obtained by mixing the p-type 1,4-bis(4-methylstyryl) benzene
(BSB-Me) and n-type 2,20-Bis[4-(trifluoromethyl)phenyl]-5,50bithiazole
(BTPB) as a host and blue emitter and then co-doped with pentacene
(Pe) and tetracene (Te) acting as the red and green emitters, respec-
tively. The white crystal with balanced carrier transport and balanced
blue, green, and red emission intensity was applied to the single-crystal
WOLEDs. Our obtained WOLEDs show the highest brightness and
efficiency observed for crystal WOLEDs to date, reaching 1956 cd m�2

and 1.31 cd A�1. Meanwhile, the crystal WOLEDs show a high and sta-
ble CRI, which is varied between 82 and 87 with increasing driving
current.

For pure BSB-Me (Sigma-Aldrich, Japan) crystals, a large differ-
ence between the hole mobility with the electron mobility along the c-
axis by the time-of-flight (TOF) technique and along the ab-plane by
the OFET technique was observed.13,16 BTPB (Tokyo Chemical
Industry Co., Ltd., Japan) contains a terminally substituted trifluoro-
methyl phenyl group and an electron-accepting heterocyclic ring. This
modification gives the n-type thiazole oligomer great intermolecular
interactions and is expected to lead to electron-acceptor behavior. In
fact, the electron mobility of BTPB is 1.83 cm2 V�1 s�1, which is four
orders of magnitude greater than that of BSB-Me.18 Figure S1 shows
the molecule structure of BSB-Me and BTPB. It was demonstrated
that the charge carrier mobility will be balanced by mixing p-type
BSB-Me with 10% n-type BTPB molecules.15 Here, the ambipolar
crystals grown by mixing the p-type BSB-Me and n-type BTPB are
used as the dual host, and Te and Pe are doped into the mixed BSB-
Me/BTPB crystal as guest materials to realize the ambipolar white
crystals. We grew organic single crystals by physical vapor transport
applying a tube furnace.19,20 The sizes and shapes of the Te and Pe
molecules are similar to those of the dual host (BSB-Me, BTPB) mole-
cules enabling the host and guest molecules to freely diffuse from the
vapor to the crystal surface and integrate adjacent molecules to gener-
ate a complete layer through intermolecular interactions. The sublima-
tion temperatures of Te, Pe, BSB-Me, and BTPB are 240, 290, 270, and
270 �C.20 Such similar sublimation temperatures enable the incorpora-
tion of guest molecules into ambipolar host materials. Before crystal
growth, the host and guest materials were simultaneously ground in a
mortar for several minutes to form a uniform mixed powder to ensure
the uniform sublimation of the host and guest molecules. Then, the
mixed powder was put in the high-temperature zone at the tempera-
ture of 270 �C, and the molecules were sublimated and transported by

highly pure argon gas for the growth of mixed crystals in the low-
temperature zone at 238 �C.

We fabricated WOLEDs by an improved template stripping
method.13,14,24 The dimensions of the final devices were 200� 300
lm2. The characteristics of the OLED were measured in the nitrogen
glovebox at room temperature. The corresponding current density-
voltage characteristics, brightness, EL spectra, CRI value, and CIE
coordinates of the WOLEDs were obtained using a Keithley 2400
(Keithley, USA) programable voltage-current source assisted Photo
Research PR-788 spectrophotometer (Photo Research, USA) from the
top of the device. According to the device measuring capabilities of
PR-788, the allowed measuring luminance range is between 0.7 and
103 000 cd m�2. Since the size of the metal mask used is 200� 300
lm2, the current efficiency can be calculated based on the ratio of
brightness to the light-emitting area.

The white crystals are grown with the BSB-Me:BTPB:Pe:Te ratio
of 18.2:1.8:0.78:1. The desired carrier transport balance can be ensured
by using the BSB-Me:BTPB ratio of 10:1.15,21 An unipolar white crystal
without the n-type BTPB and with the BSB-Me: Pe:Te ratio of
18.2:0.78:1 was grown for comparison. Figures 1(a) and 1(b) show the
photographs of the ambipolar mixed blue crystal and ambipolar white
crystal, respectively. The PL peak positions of the white crystals were
observed at 460, 496, 530, 574, 608, and 662nm [Fig. 1(c)] by using a
fluorescence spectrophotometer (Hitachi F-4600, Hitachi, Japan). The
wide emission spectra with balanced blue, green, and red emission
from the white crystals are attributed to the energy transfer from the
mixed host to the Pe and Te dopants. Comparison of white crystals
with the 10% BTPB (ambipolar) and without the 10% BTPB (unipo-
lar) shows that their PL peak positions are nearly coincident with each
other [Fig. 1(c)]. This is because the energies of the frontier orbitals of
BSB-Me and BTPB are almost identical with the HOMO energy of

FIG. 1. Top-view photographs of the (a) ambipolar host crystal of 10% BTPB doped
BSB-Me and (b) ambipolar white crystal with the BSB-Me:BTPB:Pe:Te proportions
of 18.2:1.8:0.78:1 obtained under UV light irradiation using a fluorescence optical
microscope. (c) PL spectra of pure Te, Pe, BSB-Me, and BTPB crystals and unipo-
lar (BSB-Me:Pe:Te) and ambipolar (BSB-Me:BTPB:Pe:Te) white crystals. (d) Out-
of-plane XRD patterns of pure BSB-Me, 10% BTPB doped BSB-Me, ambipolar
white crystal, and pure Te, Pe, and BTPB.
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5.66 0.1 eV and the LUMO energy of 2.76 0.1 eV, leading to very
close energies of their emission bands.16,18,22

To understand the effect of the molecular doping on the molecu-
lar ordering of the white crystals, x-ray diffraction (XRD) measure-
ments (Rigaku, D/max-rA, Japan) are performed for the pure and
doped crystal in the 2h range from 5� to 30�. As shown in Fig. 1(d),
the diffraction peaks of the white crystal are consistent with those of
the pure BSB-Me crystal with the peaks observed at the 2h of 9.38�

and 13.86�. The coincidence of their peak positions demonstrates that
the long axis of the molecule is placed perpendicular to the crystal
plane, and the ambipolar white crystal retains the ordered structure of
the BSB-Me crystal. The diffraction peaks of the pure Te, Pe, or BTPB
crystals are not observed in the diffraction pattern of the ambipolar
white crystal, indicating that no domains of dopant molecules aggrega-
tion appear in the ambipolar white crystal. Therefore, it can be con-
cluded that the crystal lattice framework is constructed from BSB-Me
molecules, BTPB, Te, and Pe molecules, substitute some BSB-Me mol-
ecules without deformation of the crystal lattice.23

The carrier mobility of the ambipolar white crystal based on the
mixed host material was studied by constructing top contact OFETs.
The top contact OFETs are fabricated by using a 300nm-thick SiO2

layer and a 100nm-thick PMMA layer together as the insulating layer
of OFET, and the capacitance of the insulating layer was estimated to
be 11.5 nF cm�2.25 We stick the crystal flat on PMMA through the
electrostatic adsorption of tweezers. A 20lm metal mask has been
prepared as the channel of the OFET. Then, Au or Ca/Ag electrodes
are deposited by vacuum thermal evaporation for effective hole and
electron injection. The width of the channel is measured using a 3D
depth-of-field microscope (KEYENCE, Japan). An Agilent B1500
instrument (Agilent, USA) has been used to get the output and trans-
fer diagram of the devices. Figure 2 shows the measured charge-trans-
port features of OFETs on the basis of ambipolar white crystals. The
hole and electron mobilities are almost identical, which are
1.476 0.03� 10�3 cm2 V�1 s�1 and 1.426 0.03� 10�3 cm2 V�1 s�1,
respectively. To confirm that our results are repeatable, ten OFETs on

the basis of ambipolar white crystals were fabricated and studied and
the mobility values were obtained using ten measurements to obtain
the average values and the standard deviations. On the other hand, the
unipolar white crystal without the mixing of the n-type BTPB (BSB-
Me:Te:Pe) shows unbalanced carrier transport characteristics with
hole and electron mobilities of 4.3� 10�3 cm2 V�1 s�1 and
9.09� 10�5 cm2 V�1 s�1.21 The space-limited current method is also
employed to directly investigate the electron mobility of the organic
crystal along the c-axis for the ambipolar and unipolar white light crys-
tals by fabricating an electron-only device (Fig. S2). The electron
mobility of the ambipolar white crystal is two orders of magnitude
higher than that of the unipolar white crystal, which is 1.1� 10�2 cm2

V�1 s�1 and 5.6� 10�4 cm2 V�1 s�1, respectively.
The ambipolar white crystals are applied to fabricate WOLEDs

with the structure of Ag (100nm)/MoO3 (5 nm)/TAPC (60nm)/ambi-
polar white crystal/TPBi (60 nm)/Ca (5 nm)/Ag (15nm) [Fig. 3(a)].
Efficient carrier injection and transport can be achieved considering
the HOMO and LUMO energy levels of the host molecules BSB-Me
and BTPB, both of which are 5.6 eV and 2.7 eV [Fig. 3(b)].15,21 Figure
3(b) schematically shows the graph of every layer at the relative energy
level. The HOMO and LUMO energy levels of Pe are 3.2 eV and
5.0 eV, and those of Te are 2.8 eV and 5.4 eV.17 To promote the trans-
port and injection of carriers, MoO3 transition metal oxide with a
work function of 5.3 eV is selected as the anode modification layer and
provides hole injection with gradient energy level alignment.14 The
insertion of TAPC (4,40-cyclohexylidene bis[N,N-bis(4-methylphenyl)
benzenamine]) has been proven to effectively promote the transport of
holes from the anode to the crystal and improve the performance of
the device.15 TPBi has the HOMO energy of 6.1 eV and the LUMO
energy of 2.8 eV and is used as an electron-transporting and hole-
blocking layer.13 The photo of the ambipolar crystal WOLEDs under
working at the driving voltage of 12V is shown in Fig. 4(a), and a
bright and uniform white light emission from the WOLED surface is
observed. The EL spectrum [Fig. 4(b)] shows a wide range of wave-
lengths with five peaks at 468, 540, 580, 608, and 664nm covering the
entire visible wavelength scope. The difference between the PL spec-
trum of the ambipolar white crystal and the EL spectrum of the
WOLEDs can be contributed to the resonant effect of the microcavity
formed by the top and bottom metallic electrodes of the WOLEDs.24

The CRI varies from 82 to 87, and as the drive current density
enhanced from 2.2 to 400mA cm�2, the CIE coordinates varied from
(0.36, 0.32) to (0.35, 0.33) [the inset diagram in Fig. 4(a)].

The almost identical values of the hole and electron mobilities
ensure the balanced carrier injection and transport in the emitting

FIG. 2. (a) and (b) Output features of the OFETs on the basis of ambipolar white
crystals measured in air. (c) and (d) Corresponding transfer curves of the OFETs
on the basis of ambipolar white crystals measured in air. The channel width (W)
and length (L) were determined by optical microscopy.

FIG. 3. (a) Device structure diagram of the ambipolar crystal WOLEDs. (b) Energy
level diagram of the ambipolar WOLEDs.
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layer of the white crystal, which results in a significantly enhanced per-
formance of the obtained WOLEDs. The current density-voltage fea-
tures of the ambipolar crystal WOLEDs show that the driving voltage
at the current density of 100mA cm�2 is reduced from 21V to 17V
[Fig. 5(a)]. Based on the ambipolar white crystal, we have achieved the
best performance for organic single crystal WOLEDs reported to date,
with a maximum brightness of 1956 cd m�2 that is 246% greater than
that of the WOLEDs based on the unipolar white crystal [Fig. 5(a)].
The maximum efficiency is 1.31 cd A�1, representing an increase of
68% relative to the efficiency of the unipolar WOLEDs of 0.78 cd A�1

[Fig. 5(b)]. The highest EL external quantum efficiency (EQE) is

0.61%, which is 60.5% enhancement than that of the unipolar
WOLEDs (0.38%) [Fig. 5(b) and Eq. (S4)]. The ambipolar white
organic crystals offer great potential in high-performance WOLED
applications for providing a simple structure of the single emitting
layer, high CRI, and their intrinsic better thermal stability.

In conclusion, we have demonstrated almost identical hole and
electron mobilities in an ambipolar white crystal prepared with a pre-
cisely adjusted proportion of ambipolar mixed host materials of BSB-
Me and BTPB and by introducing Pe and Te dopants. The ambipolar
white crystal significantly enhances the performance of the single crys-
tal WOLEDs with the highest brightness and efficiency of 1956 cd
cm�2 and 1.31 cd A�1, respectively. Moreover, a high CRI is obtained
from the ambipolar crystal WOLEDs, which is varied from 82 to 87 as
the driving current increases. The realization of the ambipolar single-
crystal WOLEDs with a multi-component mixture promotes the
development of organic single crystal-based optoelectronic devices.

See the supplementary material for the structure of the BSB-Me
and BTPB, measurement of the electron-only device, and the equation
of the EQE.
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