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of their great varieties and high emission 
efficiency. However, the problem of low 
carrier mobility and disordered structure 
in amorphous materials still exists accom-
panying with the development and deeply 
influences the performance of OLEDs. So 
as to further improve the performance of 
OLEDs, researchers turn their attention to 
organic single crystals which possess the 
superior properties of thermal stability, 
higher carrier mobility, and high emis-
sion efficiency with light amplification 
ability due to their lower content of impu-
rity and highly ordered molecule arrange-
ment compared to amorphous materials. 
And their inherent long-range structural 
ordering could effectively avoid exciton 
quenching under high current density. 
Some emissive molecule-based organic 
single crystals demonstrate a rather low 

threshold for light amplification under optical pumping. For 
these important benefits, organic single crystals have been 
widely investigated in the field of optoelectronic devices such as 
optically pumped lasers, organic field-effect transistors (OFETs), 
organic light-emitting field-effect transistors (OLEFETs), and 
OLEDs.[11–17] In previous reports, the single crystal mobility for 
pentacene is up to 1.4 cm2 V−1 s−1 which is comparable to the 
value for amorphous hydrogenated silicon.[16] And the single 
crystals of rubrene have reached a maximum mobility of about 
43 cm2 V−1 s−1, which is at least two orders of magnitude higher 
than amorphous materials.[17] A relatively low optically pumped 
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1. Introduction

In the past three decades, great progress has been made in 
the field of organic light-emitting devices (OLEDs). They are 
increasingly used in the commercial flat-panel display and 
solid-state lighting owing to their remarkable performance, 
such as high energy efficiency, vibrant colors, fast refresh rate, 
mechanical flexibility, and so on.[1–9] Since Tang and VanSlyke 
fabricated the first high efficiency thin-film OLEDs by vacuum 
deposition method in 1987,[10] organic amorphous semicon-
ductor materials have been extensively investigated because 
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amplified spontaneous emission threshold of 8 µJ cm−2 is 
reported from α,ω-di(biphenyl)-terthiophene (BP3T) single 
crystal.[15] Such single-crystal materials seem to be a promising 
candidate for high-performance OLEDs and electrically driven 
organic lasers, however, they still meet with a large amount of 
problems in application of devices.[18–21]

Despite its strong potential as active layer, the practical 
application of organic single crystals has been limited by their 
intrinsic properties, such as fragility, softness, and solubility 
in organic solvents, which are not appropriate for the conven-
tional fabrication methods of vacuum-evaporation and solution-
processing. In previous work, Li and Nakanotani fabricated 
single-crystal-based OLEDs with low light emission and inho-
mogeneous electroluminescence (EL) by simple lamination 
method to satisfy the intrinsic properties of organic single 
crystals.[19,20] But, the contact between crystal and electrodes 
determined by weak van der Waals forces would lead to poor 
connection and carrier injection. Very recently, we applied a 
simple and nondestructive method of template stripping to 
solve this problem, uniform light-emitting single-crystal-based 
OLEDs and a maximum luminance of 16.87 cd m−2 can be real-
ized with improved contact between crystal and electrodes.[22] 
Then, the obtained polarized EL emission and polarization-
induced color tunability from OLEDs based on BP3T single 
crystals were considered as an advantage for electrically driven 
organic lasers.[23] However, the efficiency of these single-crystal-
based OLEDs is still quite low, compared to the conventional 
amorphous film OLEDs. Unbalanced carrier transport due to 
the different carrier mobilities in organic single crystals results 
in the recombination zone more close to the electrode; addi-
tionally, the mismatched work function causes the inefficient 
and unbalanced carrier injection. In order to achieve practical 
single-crystal-based OLEDs, the multilayered structure with 
electrode modification and carrier transport layers seems a 
remarkable method to improve charge carrier balance and EL 
external quantum efficiency (EQE). However, the fabrication of 
the multilayered structure in single-crystal-based OLEDs gives 
rise to the major technological challenge.

In this work, we demonstrate the multilayered structure in 
single-crystal-based OLEDs with anodic interfacial modification 
and electron-transport layers to enhance charge injection and 
balance hole and electron in recombination zone by employing 
the template stripping method. The devices exhibit a signifi-
cantly lower turn-on voltage and higher emission efficiency. 
Molecular doping technique is used to realize three primary 
color light emissions in the multilayered single-crystal-based 
OLEDs. A pure blue single crystal 1,4-bis(4-methylstyryl)ben-
zene (BSB-Me) is used as a host matrix, tetracene (Te) and 
pentacene (Pe) are used as guest materials, respectively. Effi-
cient energy transfer occurs from BSB-Me as a donor to Te and 
Pe as acceptors through dipole–dipole interaction, resulting in 
tunable light emission from blue to green and red. The EL lumi-
nance and current efficiency of 820 cd cm−2 and 0.9 cd A−1 have 
been obtained, which are the highest performance reported up 
to now for organic single-crystal-based OLEDs. These results 
demonstrate the great potential of organic single crystals for 
use in a wide variety of high-performance organic optoelec-
tronic devices, such as solid-state lighting, flat panel display, 
and electrically driven organic lasers.

2. Results and Discussion

2.1. Photoluminescence (PL) Characteristics of the 
Organic Single Crystal

The organic powders, BSB-Me, Te, and Pe have been purchased 
as host and guest materials without further purification in the 
fabrication. Their chemical structures are shown in Figure 1a. 
Before crystal growth, the uniform BSB-Me:Te and BSB-Me:Pe 
powders are prepared by milling the tetracene (or pentacene) 
and BSB-Me (2 and 25 mg, respectively) together in a mortar 
for a few minutes. Then, organic single crystals are grown by 
physical vapor transport method using the doped powders. 
Thin slice shaped crystals of pure BSB-Me, BSB-Me:Te, and 
BSB-Me:Pe at the dosage concentration of 8%, emitting blue, 
green, and red PL, are shown in the top-view photographs 
by fluorescence microscopy (Figure 1b). The crystals show a 
typical thickness of less than 400 nm and a length of several 
millimeters. The thinnest crystal employed in the single-crystal-
based OLEDs is about 206 nm. Figure S1a (Supporting Infor-
mation) shows the atomic force microscope (AFM) image of 
the thickness. The limitations of the crystal growth are domi-
nated by the millimeter-scale and the transfer of crystal (see 
the Experimental Section). And the AFM images shown in 
Figure S1b–d (Supporting Information) reveal the surface mor-
phology of pure BSB-Me, BSB-Me:Te, and BSB-Me:Pe crystals. 
The root mean square roughness of the crystals are 0.158 nm 
for pure BSB-Me, 0.169 nm for BSB-Me:Te, and 0.183 nm 
for BSB-Me:Pe, respectively. The crystal surfaces are smooth 
enough to fabricate single-crystal-based OLEDs with little 
leakage current. The PL spectra of doped and undoped crystals 
are measured under excitation of a 405 nm laser, and tetracene 
and pentacene are dissolved in tetrahydrofuran (THF) solution 
for the absorption spectra (Figure 1c,d). The PL emission of Te 
and Pe can be observed from the doped crystals of BSB-Me:Te 
and BSB-Me:Pe (Figure 1c) and there is strong spectra overlap 
between the PL of BSB-Me and the absorption of the Te and Pe 
(Figure 1d), which indicates efficient energy transfer from the 
donor BSB-Me to the acceptors of Te and Pe at the doping con-
centration of 8%.[24–26] And the photoluminescence quantum 
yield (PLQY) of pure BSB-Me, BSB-Me:Te, and BSB-Me:Pe crys-
tals shown in the Figure 1b can reach up to 90 ± 4%, 75 ± 4%, 
and 49 ± 4%, respectively.

2.2. Characteristics of the Organic Single-Crystal-Based OLEDs

2.2.1. Single-Crystal-Based OLEDs with the Multilayered Structure

Both anode and cathode of device can be directly deposited onto 
the opposite surface of the organic single crystals by thermal 
evaporation based on the simple and nondestructive method of 
template stripping, enhancing carrier injection by an improved 
contact between crystals and electrodes.[22,23] Au and Ca/Ag are 
used as electrodes for the hole and electron injection by consid-
ering the highest occupied molecular orbital (HOMO) and the 
lowest unoccupied molecular orbital (LUMO) levels of BSB-Me 
(5.6 and 2.7 eV, respectively),[22,27] as shown in Figure 2a. Since 
the HOMO energy level of BSB-Me (5.6 eV) is much higher 
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than the work function of Au (5.1 eV), a high hole-injection bar-
rier (≈0.5 eV) at anode will form at the interface and give rise to 
higher turn-on voltage of device. To lower the turn-on voltage, 
high work function anode is needed to match the deep HOMO 
energy level of host material, allowing holes freely injecting 
to the crystal emissive layer. Here, we use anode buffer layer 
consisting of the transition metal oxide to further enhance the 
work function of anode, similar to their roles of modifying the 
work function of graphene and indium tin oxide (ITO) elec-
trodes in organic electronics.[28–35] A transition metal oxide 
interface layer, MoO3 (5.3 eV), is subsequently deposited by 
thermal evaporation on top of the Au electrode (Figure 2b).[36,37] 
This anode buffer layer will provide a work function gradient 
and thus enable holes to be injected efficiently to the crystal. 
In conventional OLED structure, electron-transporting/hole-
blocking layers are also used between the emissive layer and 
cathode and have a strong effect on device performance. Then 
2,2′2″-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) 
(TPBi) is employed as both electron-transporting layer and hole-
blocking layer. And Ca/Ag cathode completes the whole device 
structure, as shown in Figure 2a. The HOMO and LUMO of 

TPBi are 6.1 and 2.8 eV, respectively.[31,32,38] The LUMO energy 
level of TPBi is well aligned with BSB-Me and lower than the 
work function of Ca (2.9 eV), so better electron injection into 
the emissive layer through TPBi is expected. And the HOMO of 
TPBi is lower than that of BSB-Me which will effectively block 
hole transport, making exciton recombination in the emissive 
layer of the crystal. The interface modified materials used in 
devices, MoO3 and TPBi, are expected to enhance carrier injec-
tion and improve charge carrier balance.

A series of BSB-Me crystal-based OLEDs are fabricated 
based on template stripping method, including single-layered 
device with a simple structure of Au/BSB-Me/Ca/Ag, double-
layered device with an Au/MoO3/BSB-Me/Ca/Ag structure 
(Figure S2a,b, Supporting Information), and multilayered 
device with Au/MoO3/BSB-Me/TPBi/Ca/Ag (Figure 2a). The 
detail fabrication steps for multilayered single-crystal-based 
OLEDs have been described accordingly in the Experimental 
Section as shown in Figure 2b. Here, the thickness of BSB-Me 
crystals is controlled to be around 350 nm in devices. First, 
we measure the current–voltage characteristics of the three 
different devices (Figure 3a). The single-layered device shows 
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Figure 1.  a) Chemical structure of BSB-Me and tetracene and pentacene. b) The top-view photographs of BSB-Me, BSB-Me:Te, and BSB-Me:Pe organic 
crystals under UV-light irradiation by a fluorescence optical microscope. c) PL spectra of BSB-Me, BSB-Me:Te, and BSB-Me:Pe crystals. d) Absorption 
spectra of tetracene and pentacene in THF solution (PL spectra of BSB-Me is inset to illustrate the overlap).
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a significant low current density and high turn-on voltage of 
14 V due to the high energy barrier for the carrier injection. 
When MoO3 is used, double-layered and multilayered devices 
both exhibit a significantly lower turn-on voltage of 4 V, sug-
gesting that, with its high work function lying around 5.3 eV 
which is very close to the HOMO of BSB-Me, MoO3 on top 
of Au anode serves as an excellent anode interface layer for 
efficient hole injection into BSB-Me crystal.[36,37] The lumi-
nance–current density characteristics in Figure 3b show that 
the multilayered device achieve a significant improvement in 

luminance compared to single and double-layered devices with 
a maximum luminance of 66 cd m−2 at 950 mA cm−2, respec-
tively. The significant improvement is also observed in the cur-
rent efficiency of the multilayered device, and the maximum 
efficiency of 0.0246 cd A−1 at 4 mA cm−2 is obtained (Figure 3c). 
While, the maximum efficiency of the single and double-layered 
devices are 0.0017 and 0.0034 cd A−1, respectively. The signifi-
cant improvement in the luminance and current efficiency of 
the multilayered device is attributed to the better charge carrier 
balance by efficient electron transport and hole blocking of the 
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Figure 3.  EL performance of BSB-Me single-crystal-based OLEDs using three different device structures. a) Voltage–current density, b) current density–
luminance, and c) current density–efficiency characteristics of single-crystal-based OLEDs. d) The energy level diagram of the multilayered device, 
100 nm Au anode/10 nm MoO3/crystal/70 nm TPBi/10 nm Ca and 20 nm Ag cathode.

Figure 2.  a) The single-crystal-based OLEDs with a multilayered structure of Au/MoO3/crystal/TPBi/Ca/Ag. b) Schematic illustration of fabrication 
steps of template stripping technique for the single-crystal-based OLEDs.
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TPBi layer. Furthermore, the BSB-Me single crystal is placed 
between two large-bandgap semiconductors in the multilayered 
structure, confining charge carrier injection and transport for 
better efficiency.[39] The concept is illustrated by the energy level 
diagram shown in Figure 3d. It is template stripping method 
that constitutes a major step toward the multilayered structure 
of organic single-crystal-based OLEDs, by which the modi-
fied layers and electrodes can be thermally evaporated on both 
sides of crystal, tremendously enhancing charge injection and 
improving charge carrier balance of devices.

As we know, the thickness of the emissive layer has a strong 
effect on the performance of OLEDs. In order to make high-
efficiency and high-brightness single-crystal-based OLEDs, the 
thickness of the crystals is further decreased. Three BSB-Me 
crystals with different thicknesses of 353, 291, and 206 nm are 
employed in the fabrication of single-crystal-based OLEDs in 
the multilayered device structure. The thickness of crystals is 
determined by AFM testing. The luminance and current effi-
ciency tend to increase following with the decrease of thickness, 
obtained from Figure 4a,b. Device with 206 nm BSB-Me crystal 
shows a maximum current efficiency of 0.16 cd A−1, the value 
is significantly higher than that of the 291 and 353 nm single-
crystal-based OLEDs. Considering the poor charge balance in 
the organic single crystals due to the different hole and electron 

mobility, the thinner crystals will give rise to higher exciton 
recombination efficiency, resulting in sufficient confinement of 
the excitons in crystals. The achieved highest luminance of the 
BSB-Me crystal based OLEDs can be up to 200 cd m−2.

In addition, the insertion of a hole transport layer of N,N′-
di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPB) 
has been attempted to further improve the EL performance of 
single-crystal-based OLEDs with a structure of Au/MoO3/NPB/
BSB-Me/TPBi/Ca/Ag. The thickness of the employed BSB-Me 
crystals is around 200 nm. However, the loose contact problem 
arises from the addition of NPB because of the low surface 
energy during the device fabrication. Based on the fabrication 
of template stripping method, the device will be stripped from 
the octadecyltrichlorosilane (OTS) modified Si/SiO2 substrate. 
During this process, the layer contacting the crystal needs high 
surface energy, which ensures a compact contact between the 
crystal and the metal anode. The surface energy of MoO3 and 
NPB are about 72.2 and 54.6 mJ m−2, respectively, which are 
evaluated by contact angle measurements (Figure S3a,b, Sup-
porting Information). The surface energy of the transition metal 
film MoO3 is much higher than that of the organic film NPB, 
so the adhesion between the crystal and MoO3 is better than 
that with NPB. The luminance of the OLED based on BSB-Me 
crystal with NPB is much lower than that without NPB. Inho-
mogeneous light emission also can be seen in the photograph 
of the OLED based on BSB-Me crystal with NPB (Figure S3c,d, 
Supporting Information).

2.2.2. OLEDs with Molecular Doping

The BSB-Me:Te and BSB-Me:Pe crystals at the doping concen-
tration of 8% are applied to the single-crystal-based OLEDs with 
similar structure of the multilayered device. The thickness of 
the grown doped crystals keeps as thin as ≈200 nm. The cur-
rent–voltage characteristics in Figure S4 (Supporting Informa-
tion) show that OLEDs based on doped and undoped crystals 
have nearly identical turn-on voltage of 5 V. Figure 5 shows the 
photographs of the operating devices based on pure BSB-Me, 
BSB-Me:Te, and BSB-Me:Pe crystals, and uniform light emis-
sion from the surface of devices can be observed. Three pri-
mary colors’ (RGB) EL emission are first time observed from 
single-crystal-based OLEDs. RGB EL images are captured at a 
low onset voltage of 5 V and operating voltage of 10 V, respec-
tively. The low turn-on voltage and uniform EL emission also 
reflect high charge carrier balance and recombination effi-
ciency. The maximum luminance and current efficiency for 
the BSB-Me:Te and BSB-Me:Pe single-crystal-based OLEDs is 
0.72 cd A−1, 370 cd cm−2 and 0.9 cd A−1, 820 cd cm−2, respectively  
(Figure 6a,b). The EQE of the OLEDs using BSB-Me, BSB-
Me:Te, and BSB-Me:Pe crystals is plotted in Figure 6c. The EQE 
of the BSB-Me:Te crystal-based OLED is 0.31% at the lumi-
nance of 9 cd m−2. The method for the calculation of EQE has 
been demonstrated in our former works.[22,23] The EL spectra 
of single-crystal-based OLEDs in Figure 7a exhibit pure blue, 
green, and red colors with the major emission peaks at 492, 
526, and 610 nm, respectively, indicating high performance of 
devices based on pure BSB-Me and doped crystals at this doping 
concentration. The intensity of the RGB EL spectra is increased 
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Figure 4.  Crystal thickness dependent EL performance of the multilay-
ered devices. The thicknesses of the crystals are 206, 291, and 353 nm, 
respectively. The a) luminance and b) current efficiency as a function of 
current density.
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with the increasing current density as shown in Figure S5 
(Supporting Information). The chromaticity diagram of these 
RGB single-crystal-based OLEDs reveals CIE coordinates  
(0.56, 0.31), (0.23, 0.59), and (0.08, 0.36) (Figure 7b), which are 
ideal for RGB light emission according to the 1931 CIE coor-
dinate diagram. The remarkable maximum luminance and 
efficiency we achieved in the doped single-crystal-based OLEDs 
highly outperform the performance of state-of-the-art organic 
single crystal-based optoelectronic devices.

Efficient energy transfer from donor BSB-Me to Te and Pe 
acceptors contribute to the large improvement in luminance 
and efficiency for the doped single-crystal-based OLEDs. The 
time-resolved fluorescence of undoped and doped crystals 
has been investigated to explore the energy transfer in doped 
crystals by a time-correlated single photon counting (TCSPC) 
system (Figure S6, Supporting Information). The decay times 
for BSB-Me, BSB-Me:Te, and BSB-Me:Pe crystals are presented 
in Table S1 (Supporting Information), by plotting and fitting 
TCSPC results. As discussed in our former report, the domi-
nating energy transfer process in the doped crystals is Förster 
energy transfer.[31] Then, the rate of energy transfer from a 
donor to an acceptor kET can be calculated from the decay times 
measured in the absence (τ0) and presence of acceptor (τDA) by 

the equation: kET = 1/τDA − 1/τ0. Checking 
the summary of transient PL decay times in 
Table S1 (Supporting Information), the kET 
is equal to 1.02 × 1010 and 3.94 × 1010 s−1 
for BSB-Me:Te and BSB-Me:Pe crystals at 
this concentration (25:2). And the calculated 
energy transfer efficiency is 41% and 72.9%, 
respectively, given by the equation of E = kET/
(1/τ0 + kET) = 1 − τDA/τ0. This efficient energy 
transfer enables us to fabricate high perfor-
mance doped single-crystal-based OLEDs. 
The energy transfer efficiency of BSB-Me:Pe 
crystals is higher than that of the BSB-Me:Te, 
which may contribute to the higher lumi-
nance and current efficiency for the BSB-
Me:Pe single-crystal-based OLEDs. On the 
other hand, the LUMO levels of Te and Pe 
molecules (2.85 and 3.2 eV, respectively) are 
located below that of BSB-Me (2.7 eV), and 
HOMO levels of Te and Pe (5.4 and 5.0 eV, 
respectively) lie above that of BSB-Me (5.6 eV), 
indicating that both Te and Pe molecules dis-
persed in a BSB-Me host crystal lattice act as 
electron and hole trapping sites.[11,29] In order 
to clarify the effect of doping molecules on 
the charge carrier transport properties, the 
time-of-flight (TOF) measurements are used 
to investigate the carrier mobility of undoped 
and doped crystals along the c-axis of crystal. 
The devices used for the TOF measurements 
are based on a structure of Au/crystal/Ca/
Ag with an active area of 500 × 500 µm2. 
And the measured TOF transient photocur-
rent spectra of holes and electrons for pure 
BSB-Me, BSB-Me:Te, and BSB-Me:Pe crystals 
are shown in Figure S7 (Supporting Informa-

tion).[19,40] The calculated hole mobility values of pure BSB-Me, 
BSB-Me:Te, and BSB-Me:Pe crystals are about 0.542 × 10−3, 
0.163 × 10−3, and 0.203 × 10−3 cm2 V−1 s−1 for c-axis, respectively. 
And electron mobility values are about 0.48 × 10−3, 0.144 × 10−3, 
and 0.192 × 10−3 cm2 V−1 s−1, respectively. The measured hole 
and electron mobility of BSB-Me:Te and BSB-Me:Pe crystals are 
slightly lower than that of pure BSB-Me, indicating that the tet-
racene and pentacene molecules dispersed in a BSB-Me host 
crystal lattice will act as charge trapping sites. This would lead 
to direct exciton formation at the dopant molecules and signifi-
cantly improved EL efficiency.

The relatively comparable table for comparing the EL per-
formance of the reported organic single crystal-based OLEDs 
and OLEFETs has been summarized (Table 1). Our previous 
works only resolve the contact problem by the method of tem-
plate stripping, and both electrodes can be directly thermally 
evaporated onto the opposite surface of organic single crystals 
to enhance the carrier injection.[22,23] The single-crystal-based 
OLEDs exhibit uniform light-emission with a maximum lumi-
nance of 16.87 cd m−2 by the improved contact between crystal 
and electrodes. In this work, we overcome the major problems 
of unbalanced carrier transport and mismatched work function 
by using the multilayered structure in single-crystal-based 
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Figure 5.  Photographs of the operating BSB-Me, BSB-Me:Te, and BSB-Me:Pe single-crystal-
based OLEDs at different driving voltage. Single-crystal-based OLEDs driven at the voltage of 
a,c,e) 5 V and b,d,f) 10 V.
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OLEDs with anodic interfacial modification and electron-trans-
port layers. The multilayered structure can enhance the charge 
injection and balance hole and electron transport in recombi-
nation zone of the single-crystal-based OLEDs. However, the 
current efficiency and luminance of devices are still low, com-
pared to the conventional amorphous film OLEDs. It is thought 
that the low EL performance arises for the emitting dipole ori-
entation and the thick crystal layer >200 nm. The thick crystal 

would cause long carrier transport distance which effectively 
decreases the efficiency of device. And the orientation of emit-
ting dipoles is one of the most important factors of material 
which influence outcoupling efficiency along with the refractive 
indices of the consisting materials.[44] Recently, Kim and his 
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Figure 6.  EL performance of BSB-Me, BSB-Me:Te, and BSB-Me:Pe 
single-crystal-based OLEDs. a) Current density–luminance, b) current 
density–efficiency, and c) current density–EQE characteristics of single-
crystal-based OLEDs.

Figure 7.  a) Three primary colors of EL spectra from BSB-Me, BSB-Me:Te, 
and BSB-Me:Pe single-crystal-based OLEDs. b) The corresponding 1931 
CIE coordinate diagram of blue, green, and red light emission with CIE 
coordinates of (0.56, 0.31), (0.23, 0.59), and (0.08, 0.36), respectively.

Table 1.  Comparison of EL performance of the reported organic single 
crystal-based OLEDs and OLEFETs.

Crystal materials Device  
type

Luminance  
[cd m−2]

Current efficiency  
[cd A−1]

EQE  
[%]

Ref.

BP1T + AC5-CF3 OLEFET [–] [–] 0.045 [13]

AC’7 OLEFET [–] [–] 3.7 × 10−4 [41]

Tetracene OLEFET [–] [–] 0.03 [42]

Rubrene OLEFET [–] [–] 0.015 [42]

P5V4 OLEFET [–] [–] 0.1 [43]

BSB-Me OLED 7.32 [–] 0.001 [22]

BP2T OLED 16.87 [–] 0.001 [22]

BP3T OLED 5 [–] [–] [23]

Pentacene doped 

BSB-Me

OLED 820 0.9 0.31 Present 

work
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co-workers demonstrate a type of OLEDs based on a series of 
thermal evaporated Pt(II) bis(3-(trifluoromethyl)-5-(2-pyridyl)-
pyrazolate) (Pt(fppz)2) polycrystalline materials with extremely 
high horizontal transition dipole ratio of 93% and high max-
imum EQE of 38.8%.[44] But, the molecules in single crystal 
of BSB-Me exhibit a herringbone packing motif and the long 
axis of the molecules inclines to the crystal z-axis which would 
hinder light outcoupling in the crystal layer and induce low EL 
performance. We expect that the maximum current efficiency, 
luminance, and EQE can be improved further by decreasing 
the thickness of crystal layer ≈30 nm and optimizing the device 
with perfectly oriented single crystal material.

3. Conclusion

In summary, we have achieved high luminance and cur-
rent efficiency in OLEDs based on organic single crystals by 
modifying interfaces between electrodes and crystals with the 
multilayered structure. Highly efficient three primary color 
EL emissions from the single-crystal-based OLEDs have been 
realized by the multilayered structure and molecular doping 
technique. The remarkable device performances increase the 
feasibility of applying the organic single crystals in organic 
optoelectronic devices by overcoming the major drawbacks of 
inefficient charge injection and low recombination efficiency of 
the crystals. This is an important step toward high-performance 
organic single crystal-based optoelectronic devices for practical 
lighting and display applications and might be advantageous 
for the realization of electrically driven organic lasers.

4. Experimental Section
Preparation of Organic Single Crystals: BSB-Me, Te, and Pe powders 

were purchased from Tokyo Chemical Industry Co., Ltd. After the Te 
(or Pe) was uniformly mixed together, the mixture would be placed in 
a horizontal tube furnace with two heating zones under a flow of pure 
argon gas. The sublimation and crystallization temperatures for crystal 
growth were set to 270 and 240 °C. And the temperature conditions were 
almost the same for pure BSB-Me, BSB-Me:Te, and BSB-Me:Pe. Because 
the sublimation and crystallization temperature of these compounds are 
almost the same, the doped crystals can be successfully obtained. In 
order to get ultrathin crystals, the growth condition had been changed 
by increasing gas flow rate and short of growing time. In addition, 
the crystals were grown to be millimeter-scale to ensure that the size 
was suitable to the metal mask used in the fabrication of devices. So 
the millimeter-scale crystal was bound to increase the thickness of the 
crystals. And before the crystals transferred to the OTS modified Si/SiO2 
substrate, the crystals were selected with a thickness above 200 nm, 
avoiding curling up when touched by the tweezers.

Device Fabrication: The multilayered structure devices were fabricated 
based on template stripping method according to the previous reports, 
as shown in Figure 2b.[22,23] Single crystals were transferred onto the OTS 
modified Si/SiO2 substrate after growth. Then, based on the structure 
of multilayered device, 10 nm MoO3 and 100 nm thick Au anode were 
deposited onto the organic crystal by thermal evaporation, respectively. 
A droplet of NOA 63 photoresist (Norland) was placed on the device 
and compressed by a piece of glass. The photoresist would spread to 
the edge and cover the whole glass. Then, the device was transported 
under a UV lamp of 250 mW with a protection distance of about 15 cm 
away from the lamp source. The ambient temperature of device was 
about 50–80 °C which was much lower than the growing temperature 

of ≈270 °C. Therefore, no damage would be brought to the organic 
device during the UV curing process. After exposed to the UV-light, the 
photoresist would be cured and peeled off from Si/SiO2 substrate with 
device and the device was transferred to the glass substrate. Finally, 
70 nm TPBi and a 10 nm Ca and 20 nm Ag cathode were, respectively, 
evaporated onto the template-stripped organic crystal. The thermal 
evaporation rate could be controlled to be 1 Å s−1 at pressure of  
5 × 10−4 Pa. The active area of the device was determined by the metal 
mask of 200 × 300 µm2.

Characterizations and Measurements: The top-view photographs of 
crystals were observed under 405 nm laser excitation by using widefield 
fluorescence microscopy on BK-FL4 fluorescence microscope. The 
emission spectra were detected by the optical fiber and dispersed 
to the spectrometer connected with charge coupled device detector 
(Andor iDus). The PLQY was measured by using an integrating sphere 
(C-701, Labsphere Inc.) with an excitation source of 405 nm Ocean 
Optics LLS-LED, and the laser light was introduced into the sphere 
through the optical fiber. The TCSPC system equipped with a 379 nm 
picosecond diode laser (Edinburgh Instruments EPL375, repetition 
rate 20 MHz) was used to excite the sample. And the emission was 
detected by a photomultiplier tube (Hamamatsu H5783p) and a 
TCSPC board (Becker & Hickel, SPC-130). The crystal thicknesses were 
measured by AFM (Digital Instruments Nanoscope IIIA) in tapping 
mode. And the surface morphology and root mean square roughness 
of crystals were measured in contact mode. The current density–
voltage characteristics of the devices were measured by a Keithley 
2400 programmable voltage–current source. And the brightness of the 
single-crystal-based OLEDs was detected by the Photo Research PR-655  
spectrophotometer.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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