
CommuniCation

1801078 (1 of 11) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advmat.de

Clarification of the Molecular Doping Mechanism in 
Organic Single-Crystalline Semiconductors and their 
Application in Color-Tunable Light-Emitting Devices

Ran Ding, Xue-Peng Wang, Jing Feng,* Xian-Bin Li,* Feng-Xi Dong, Wei-Quan Tian,  
Jia-Ren Du, Hong-Hua Fang, Hai-Yu Wang, Takeshi Yamao, Shu Hotta, and Hong-Bo Sun*

DOI: 10.1002/adma.201801078

as well as the energy-level alignment at 
interfaces between doped materials and 
metal contacts.[1,2] For instance, dopant 
atoms of Group III or Group V ele-
ments are widely used to modulate the 
electrical conductivity of single-crystal 
silicon for the application of n-type or 
p-type devices in semiconductor-based 
integrated circuits.[16,17] Doping p-type 
gallium nitride with magnesium atoms 
gives rise to commercial products such 
as high-performance blue light-emitting 
devices (LEDs) and reliable violet laser 
diodes.[18,19] Dopant atoms within inor-
ganic single-crystalline semiconductors 
are covalently bound to the surrounding 
matrix, introducing donor/acceptor 
states in the fundamental bandgap of the 
semiconductor.[1,2]

Among the organic semiconductors, 
amorphous and polycrystalline materials 
have been extensively investigated in the 
field of organic optoelectronics, because 
of their operational convenience.[20–22] 

However, their intrinsic impurity and structural defects leads 
to low carrier mobility, which is one of the main limitations 
for the device performance.[23–34] Organic single-crystalline 
semiconductors constructed by π-conjugated molecules in 
long-range periodic order have emerged as unique optoelec-
trical materials.[23–34] Their well-defined structures allow to gain 

Organic single-crystalline semiconductors with long-range periodic order 
have attracted much attention for potential applications in electronic 
and optoelectronic devices due to their high carrier mobility, highly 
thermal stability, and low impurity content. Molecular doping has been 
proposed as a valuable strategy for improving the performance of 
organic semiconductors and semiconductor-based devices. However, a 
fundamental understanding of the inherent doping mechanism is still a key  
challenge impeding its practical application. In this study, solid evidence for  
the “perfect” substitutional doping mechanism of the stacking mode between 
the guest and host molecules in organic single-crystalline semiconductors 
using polarized photoluminescence spectrum measurements and first-
principles calculations is provided. The molecular host–guest doping is 
further exploited for efficient color-tunable and even white organic single-
crystal-based light-emitting devices by controlling the doping concentration. 
The clarification of the molecular doping mechanism in organic single-
crystalline semiconductor host–guest system paves the way for their 
practical application in high-performance electronic and optoelectronic 
devices.
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In the study of modern semiconductor physics, doping tech-
nology has a key role in determining the electrical and optical 
properties of semiconductor materials, and significantly 
affects the device performance.[1–15] Doping of inorganic 
semiconductors by controllably introducing impurity atoms is 
the basic method used to adjust the conductivity of materials 
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experimental access to the intrinsic fundamental electronic 
properties of organic semiconductors and semiconductor-
based devices. Moreover, these materials with prominent fea-
tures, such as high carrier mobility, highly thermal stability 
and low impurity content, have drawn significant attention for 
use in organic optoelectronic functional devices, such as opti-
cally pumped lasers, organic field-effect transistors (OFETs), 
light-emitting organic field-effect transistors (LE-OFETs), and 
organic light-emitting devices (OLEDs).[32–45] Their molecular  
packing via intermolecular electronic coupling makes a great 
impact on the π-orbital overlap in crystal, therefore resulting 
in different electronic and optical properties of organic 
single-crystalline semiconductors.[23,32] The increase of the 
overlap between π-orbitals of adjacent molecules can cause 
delocalization of the polarons/excitons, leading to enhanced 
charge carrier mobility.[34] The highest mobility approaching  
≈43 cm2 V−1 S−1 has been reported for the transistors based 
on rubrene single crystals, which is at least two orders of mag-
nitude higher than amorphous organic semiconductors.[45] 
Furthermore, some emissive molecule-based organic single-
crystalline semiconductors demonstrate advantages in optical 
properties.[23–27] For example, the fluorescent quantum effi-
ciency of α,ω-di(biphenyl)-terthiophene (BP3T) single crystal 
has been estimated to exceed 80% with spectrally narrowed 
emissions.[44] Therefore, organic single-crystalline semiconduc-
tors have been considered as promising candidates for high-
performance optoelectronic devices.

Molecular doping also has been proposed as a valuable 
strategy to improve the performance of organic semiconduc-
tors and their electronic and optoelectronic devices, targeting 
implementation in low-cost and large-scale electronic appli-
cations.[2–15] According to the induced effects, the molecular 
doping can be distinguished into two different aspects of 
electrical doping and host–guest doping. In general, electrical 
doping by adding electron acceptor or electron donor mole-
cules can dramatically increase the free charge carrier density 
of organic semiconductors.[2–10] On the other hand, the host–
guest doping is an effective way to tune the emission proper-
ties, where guest molecules are embedded into a host material  
matrix giving rise to charge trapping by guest molecules and 
energy transfer from the host to the guest.[11–15] By taking 
advantage of this host–guest system, molecular doping tech-
nique is employed in organic single-crystalline semiconduc-
tors to combine high mobility and the enhanced light-emitting 
properties. It allows to increase the photoluminescence (PL) 
internal quantum efficiency through suppressing luminescence 
quenching of the H-aggregate-like molecular dipole–dipole 
interaction.[46–63] Wang and co-workers have prepared the tet-
racene- and pentacene-doped oligo(p-phenylenevinylene) crys-
tals which exhibit high luminescent efficiency and color-tunable 
emission, and further elucidated their thermodynamics charac-
teristics and charge transport properties.[46,47,50,51] Nakanotani 
and co-workers reported tetracene-doped oligo(p-phenylene-
vinylene) crystals that displayed improved electroluminescence 
(EL) quantum efficiency under ambipolar operation in light-
emitting OFETs.[54] They also found that thiophene/phenylene 
co-oligomer-doped oligo(p-phenylenevinylene) crystals possess 
tunable light-amplification characteristics with an extremely 
low-threshold amplified spontaneous emission.[55] Recently, 

Parashchuk and co-workers even introduced a novel concept 
of self-doping by the synthesis of byproduct in thiophene/phe-
nylene co-oligomer crystals which doubled the PL efficiency.[49] 
In addition, research on steady-state and time-resolved fluo-
rescence measurements indicated that Förster energy transfer 
is the dominant process in the doped crystals.[48] The value of 
orientation factor in the doped crystals is most relevant to the 
energy transfer from host to guest molecules, which is advanta-
geous for creating white light-emitting crystals by partial energy 
transfer.[56] Molecular host–guest doping is believed to be a 
promising strategy for creating organic single crystals with effi-
cient EL and developing current-driven organic lasers.

However, the pace of understanding the doping mechanism 
of the basic stacking modes between host and guest molecules in 
organic single-crystalline semiconductors has lagged far behind 
the rapid progress in research on their applications.[49–56] It  
is generally believed that doping molecules are dispersed 
throughout the host crystal lattice by strong molecular interac-
tions during crystal growth, and that their potential to replace the 
original host molecules in the crystal lattice is high. Moreover, 
the size of selected guest molecules is similar to that of the host 
molecules, and they are predicted to fill in defects or vacancies 
in the crystal lattice without distortion.[49–56] However, unam-
biguous evidence of this doping mechanism of the stacking 
modes between host and guest molecules is lacking due to 
the difficulty in investigating organic small molecules at the 
nanoscale. It is therefore necessary to establish direct experi-
mental access to recreate the origin of the doping mechanism 
in organic single-crystalline semiconductor host–guest system.

Here we use polarized PL spectra measurement and first-
principles calculations of a doped organic single-crystal semi-
conductor to provide a microscopic picture of the stacking 
modes between host and guest molecules in pentacene-doped 
1,4-bis(4-methylstyryl)-benzene (BSB-Me) crystals. Energy 
transfer from host to guest molecules enables the color emis-
sion to be tuned by adjusting the doping concentration. This 
molecular host–guest doping technology was then used to 
develop color-tunable and white single-crystal-based OLEDs, 
which exhibit a maximum luminance and current efficiency of 
1100 cd m−2 and 0.91 cd A−1, respectively. Our discovery of a 
“perfect” substitutional doping mechanism could have impor-
tant implications for the practical application of organic single-
crystalline semiconductors in high-performance electronic and 
optoelectronic devices.

The host and guest materials, BSB-Me and pentacene 
(Figure 1a), were milled together as a mixed powder with 
doping concentrations of 1%, 3%, and 10% (1 and 100 mg, 
3 and 100 mg, 10 and 100 mg, respectively). The pentacene-
doped organic single crystals were grown from the mixed 
powder using the physical vapor transport method. Using the 
same sublimation and crystallization temperatures for penta-
cene and BSB-Me ensured the successful growth of doped crys-
tals.[48] By optimizing the crystal growth conditions, we obtained 
slice-shaped crystals with a thickness of less than 300 nm and 
a width of several millimeters (Figure 1b–e). Strong light emis-
sion was observed from both the crystal edge and surface; the 
color emission ranged from pure blue to white, pink and red by 
changing the doping concentration from undoped to 1%, 3%, 
and 10%, respectively. The PL spectra of doped and undoped 
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crystals were measured under excitation using a 405 nm wave-
length laser. The PL emission of pentacene in doped crystals 
peaked at 606 and 660 nm, whereas for the host BSB-Me, it 
peaked at 456, 486, and 521 nm (Figure 1f). For 1% doped crys-
tals, the emissions from BSB-Me and pentacene were equally 
intense due to the partial energy transfer, which led to the 
emission of white light. And more suppression of the BSB-Me 
emission happens to 3% doped crystals compared to 1% doped 
ones. When the doping concentration increased to 10%, the 
emission from BSB-Me was almost completely suppressed 
due to the highly efficient energy transfer from host to guest 
molecules.

We investigated the time-resolved fluorescence of undoped 
and doped crystals to explore the energy transfer via a time-
correlated single photon counting (TCSPC) system at the nano-
second time scale. The TCSPC results and corresponding fitting 
curves of the undoped and 1%, 3%, 10% doped crystals were 
presented in Figure 1g which were monitored at the emission 
wavelength of 486 nm. After fitting analysis, the decay time τ0 
of the undoped crystal was estimated to be 6.844 ns. At doping 
concentrations of 1%, 3%, and 10%, τ0 decreased to 4.457, 
2.118, and 1.852 ns, respectively, indicating efficient energy 
transfer in the doped samples. The dominant energy transfer 
process has been proposed to be Förster energy transfer.[46–48] 
The rate of energy transfer from host to guest, kET, can be 
measured in the absence (τ0) and presence of an acceptor (τDA) 
by the equation: kET = 1/τDA − 1/τ0. The kET for doping con-
centrations of 1%, 3%, and 10% were quantitatively calculated 
to be 7.82 × 107, 3.26 × 108, and 3.94 × 108 s−1, respectively. 
Therefore, the energy transfer efficiency given by the equation 

E = kET/(1/τ0 + kET) was calculated to be 34.8%, 69%, and 73% 
at the three concentrations, respectively. In addition, the decay 
time of pentacene in doped crystals monitored at 606 nm was 
prolonged from 8.48 to 9.055 ns, and then to 9.492 ns when 
the doping concentration was increased (Figure 1h). It is 
known that pentacene in crystalline form adopts a herringbone 
arrangement, which drastically quenches luminescence effi-
ciency.[46–49,57–63] However, in this host–guest doping system, 
the efficient energy transfer effectively avoided the intermo-
lecular aggregates and may contribute to a marked increase in 
luminescence efficiency.

The pentacene-doped crystals were characterized by their 
PL and TCSPC spectra. Here, a key question was raised: what 
are the basic stacking modes between the host and guest mole-
cules, i.e., the sites of guest pentacene molecules, in the doped 
crystals? To investigate the doping mechanism, an optical meas-
urement system was set up for the angle-resolved polarized PL 
experiments (Figure S1, Supporting Information).[64–66] The 
polarization measurements were performed using a polarizing 
microscope equipped with a mercury lamp as an excitation 
light source. The excitation light was focused perpendicularly 
incident to the crystal ab-plane, and the polarized PL emission  
was emitted parallel to the crystal plane and was guided to a 
detector through a contrast polarizer. Here the polarizer was 
used to analyze the polarization of the PL emission. The polar-
ized PL was measured at the crystal edge in the direction ver-
tical to the incident excitation light (Figure S1, Supporting 
Information). The polarized PL spectra were monitored at two 
major peaks: 486 nm for the host BSB-Me and 606 nm for 
the guest pentacene. Because the molecules are packed in a  
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Figure 1. Molecular structures and characterization of the doped crystals. a) Molecular structures of BSB-Me and pentacene. b–e) Top-view photographs 
under UV-light irradiation of undoped organic crystals (b), and crystals with a doping concentration of 1% (c), 3% (d), and 10% (e). Both the undoped and 
pentacene-doped BSB-Me crystals show a uniform surface emission. f) PL spectra of undoped and pentacene-doped BSB-Me crystals with different doping 
concentration. g,h) Nanosecond fluorescence decays from undoped and pentacene-doped BSB-Me crystals monitored at 486 nm (g) and 606 nm (h).
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uniaxial orientation in the crystal, the peak intensity of PL 
spectra can be varied by rotating the polarizer. Observed 
from the intensity of polarized PL monitored at these two peaks, 
the angle-dependent polarization had the same trend along 
the a-axis of the crystal, whereas that polarization trend was 
reversed when the crystal is rotated 90° on the plane along the 
b-axis (Figure 2a,b). Figure 2c,d shows the relationship between 
PL intensity and the direction of polarization. The origin of 
angle-dependent polarization can be ascribed to the unique 
alignment of transition dipole moments.[67–69] We therefore 
calculated the molecular transition dipole moments of BSB-Me 
and pentacene using the Gaussian09 package (Figure S2, Sup-
porting Information).[70] From the molecular-orbital calculation 
of BSB-Me and pentacene, the transition dipole moment was 
identified to be nearly parallel to the long axis of the BSB-Me 
molecule but perpendicular to the pentacene. The trend of 
angle-dependent polarization intensity implies that the transi-
tion dipole moments of host and guest molecules are parallel 
along the a-axis of the crystal (Figure 2a,c). By contrast, the 
transition dipole moments of pentacene along the b-axis are 
perpendicular to those of BSB-Me (Figure 2b,d). In addition, 
the BSB-Me molecules are arranged in layers in a herringbone 
pattern and are inclined with respect to the crystal ab-plane. 
According to the crystal structure, the oblique angle of the tran-
sition dipole moments with respect to the crystal ab-plane is 
almost 60°.[69] The angle-resolved polarized PL experiment 
revealed that the pentacene molecules inside the host BSB-Me 
crystal tend not only to stand alongside the BSB-Me molecules 
in the molecular long axis but also to have the greatest chance 
of replacing BSB-Me molecules in the crystal lattice. Figure 2e,f 
shows the alignment and spatial extent of the BSB-Me and 

pentacene molecules and the molecular transition dipole 
moments in the crystal along the a-axis and b-axis, respectively. 
The blue and red vector arrows denote the molecular transition 
dipole moments of BSB-Me and pentacene molecules, respec-
tively.[71] The vector projections of the BSB-Me and pentacene 
molecular transition dipole moments onto the bc-plane are 
perfectly parallel to each other (Figure 2e), whereas projections 
onto ac-plane are perpendicular to each other (Figure 2f).

To further verify the substitutional doping mode of the pen-
tacene guest molecules in the host BSB-Me crystal, we carried 
out theoretical simulations using first-principles calculation. 
The van der Waals interactions between the molecules play an 
important role in many physical and chemical systems. They 
are closely balanced with electrostatic and exchange-repulsion 
interactions and control the packing of molecules in crystal. 
Therefore, a density functional theory method (DFT-D2)  
containing a semi-empirical dispersion potential for the dis-
persion force is used to describe the van der Waals interac-
tions.[72–75] We focused on the substitutional site that was 
doped in the host crystal. We explored four typical rotational 
routes for pentacene in the BSB-Me crystal and traced their 
energy (Figure 3). The first route that we investigated is for 
the rotation around the long axis of the pentacene molecule, 
which is fixed to the original center of the replaced BSB-Me 
(Figure 3a). The lowest energy is at the original angle (0°), 
which indicates that the molecular plane of pentacene tends to 
be same as that of the replaced BSB-Me molecule (Figure 3e). 
In addition, Figure 3b–d displays the other three possible 
routes where the pentacene rotates around the axes of a, b, and 
c (passing through the pentacene molecular center) which are 
vertical to the bOc, aOc, and aOb plane, respectively. The lowest 
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Figure 2. The angle-resolved polarized PL measurements and molecular arrangement schematic of doped crystals. Relationship between the PL inten-
sity and polarization angle which monitored at the emission peaks of BSB-Me (486 nm) and pentacene (606 nm). a–d) The polarizer rotates parallel 
to the bc-plane (a,c) and the ac-plane (b,d). e,f) Schematic drawings of the alignment of BSB-Me molecules and pentacene molecules along the a-axis 
and b-axis. The blue and red arrows represent the vector projections of transition dipole moments of BSB-Me and pentacene molecules, respectively: 
e) bc-plane view; f) ac-plane view.
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energies for pentacene molecules rotated around the axes of a, 
b, and c (Figure 3b–d) remain at the original angle (0°), which 
is consistent with the case of the molecular long-axis rotation 
(Figure 3f–h). In other words, the most energy-favorable con-
figuration should be provided by the “perfect” substitutional 

site, where the center, the long axis and the molecular planes 
are almost identical to those of the replaced host molecule. 
This is consistent with the expectation that the substitutional 
site should lead to the least lattice distortion after the doping 
process.

Adv. Mater. 2018, 1801078

Figure 3. Theoretical simulations of the substitutional doping mode using first-principles calculations. a–d) Schematic diagrams when the pentacene 
rotates around its long axis (highlighted by a red cylinder) (a), around the lattice axes of a (b), b (c), and c (d) (highlighted by blue double cones). e–h) 
Energy evolution of the rotation along its long axis (e) and the rotations along the lattice axes of a (f), b (g), and c (h), respectively.
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In order to exploit the lattice distortion in the doped crys-
tals, X-ray diffraction spectra of the undoped, 1%, 3%, and 
10% doped crystals were characterized (Figure S4a, Supporting 
Information). The diffraction peak of the BSB-Me single crystal 
at 2θ of 13.57° (006) corresponded to the spacing of the c-axis. 
Using the Bragg equation, we calculated the thickness of one 
molecular layer to be 1.85 nm, indicating that the long axis of 
the molecules was perpendicular to the wide crystal and the ab-
plane was parallel to the substrate.[54] There was no marked dif-
ference in the diffraction peaks of the undoped BSB-Me and 
the pentacene-doped crystals, which appear at 2θ of 13.54°, 
13.58°, and 13.60°. The coincident peak positions between 
the undoped and doped crystals implied that the molecular 
order of the BSB-Me host crystal lattice was retained even after 
10% doping with pentacene. Meanwhile, no additional dif-
fraction peaks appeared at all, suggesting that there were no 
pentacene-aggregated domain structures in the doped sam-
ples. Figure S4b (Supporting Information) further showed the 
simulated X-ray diffraction spectra based on the present model 
which were compared to the experimental data. In the experi-
ment, the doping process does not import any other impure 
phases (such as crystalline pentacene) and retains the char-
acteristics of the host BSB-Me crystal. The theoretical X-ray 
diffraction in the substitutional model or the undoped BSB-Me 
model was well consistent with experimental data. Apart from 
the X-ray diffraction measurement, the possibility of the crystal 
deformation around the guest molecule was taken into account. 
The case of the pentacene molecule doped inside the BSB-Me 
crystal on the substitution site is further optimized inside the 
calculation cell. As shown in Figure S5 (Supporting Informa-
tion), after the structure optimization, these is no significant 
deviation of the packing arrangement between the guest pen-
tacene molecule and its surrounding BSB-Me molecules. In 
other words, the guest molecule on the substitution site leads 
to little deformation of surrounding host molecules. We also 
examined the possible interstitial site of pentacene doped in the 
host crystal matrix. Figure S6 (Supporting Information) shows 
a typical case. The interstitial site has a formation energy of 
3.937 eV, which is significantly larger than that of the substi-
tutional site, which is 0.0203 eV. Therefore, the interstitial site 
is hard to exist in the doped crystals. Based on these results, it 
is clear that the microscopic picture for the pentacene doped in 
BSB-Me crystals displays the substitutional mode.

A series of doped crystals are used in the fabrication of 
organic single-crystal-based OLEDs with a multilayered device 
structure comprising layers of gold (Au), molybdenum trioxide 
(MoO3), crystal, 2,2′2″-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole) (TPBi), calcium (Ca), and silver (Ag) based on 
the template stripping technique (Figure S7a, Supporting Infor-
mation).[76–78] Both metal electrode films can be thermally evap-
orated onto the opposite surface of the organic single crystals, 
ensuring a compact contact between the crystal and electrodes. 
The Au and Ca are chosen as anode and cathode with work 
functions of 5.1 and 2.87 eV,[79] respectively, by considering 
the highest-occupied molecular orbital (HOMO) and lowest-
unoccupied molecular orbital (LUMO) levels of the BSB-Me 
crystal (5.6 and 2.7 eV, respectively).[80] Energy-level matching 
was used to promote charge injection and to balance holes and 
electrons in the recombination zone (Figure S7b, Supporting 

Information).[78,81] The MoO3, a transition metal oxide inter-
face layer with 5.3 eV, was subsequently deposited onto the Au 
anode as the anodic buffer layer, providing a work function gra-
dient and ensuring hole injection.[82,83] TPBi, with a HOMO of 
6.1 eV and a LUMO of 2.8 eV,[84–86] was employed as both an 
electron-transporting layer and a hole-blocking layer. Based on 
this configuration, the crystal-based OLEDs could achieve a sig-
nificantly low turn-on voltage and high emission efficiency.

The current density–voltage characteristics reveal that the 
doped crystal-based OLEDs have a nearly similar turn-on 
voltage of 5 V (Figure S7c, Supporting Information). Bright 
and homogeneous surface emissions of red and pink EL light 
were observed, when 10% and 3% doped crystals were used. 
Figure 4a–d shows the photographs of the operating devices 
which are captured at 8 and 12 V. The intensity of EL spectra 
was enhanced by increasing current density, and the emission 
peaks from pentacene were located at 606 and 660 nm, observed 
from the EL spectra of 10% and 3% doped crystal-based OLEDs 
(Figure 5a,b). In the case of 10% doped crystal-based OLEDs, 
the emission from BSB-Me was almost suppressed due to the 
highly efficient energy transfer. Furthermore, white light emis-
sion from crystal-based OLEDs was obtained by using 1% 
doped crystals (Figure 4e,f). The EL spectra of these OLEDs 
also exhibited an equal intensity of blue and red light emis-
sion, which covered almost the whole visible range from 400 
to 700 nm (Figure 5c). The white EL emission with Commis-
sion International de l’Eclairage (CIE) coordinate of (0.29, 0.30) 
approaches an ideal white light (Figure 5d). The light emis-
sion from doped crystal-based OLEDs can be tuned from red 
and pink with CIE coordinates of (0.66, 0.32) and (0.54, 0.30), 
respectively, to white by controlling the doping concentration. 
When pentacene is used to dope BSB-Me, the crystalline lat-
tice forms a donor to acceptor (D-A) molecular system with 
mutually perpendicular transition dipole orientations.[56] The 
D-A system enables partial energy transfer from the host to the 
guest molecule, resulting in an ideal white light emission. This 
homogenous white light emission of doped-crystal OLEDs will 
expand the feasibility of organic single crystals for a wide appli-
cation in flat-panel display and solid-state lighting.

The luminance and current efficiency of EL emission are 
enhanced by increasing the doping concentration of crystal-
based OLEDs. The maximum luminance that we obtained 
increased from 210 cd m−2 for 1% doped crystal-based OLEDs 
to 290 cd m−2 for 3% and 1100 cd m−2 for 10% at the same cur-
rent density of 215 mA cm−2. Moreover, a significant increase 
in the maximum current efficiency was obtained: it rose from 
0.35 cd A−1 for 1% doped crystal-based OLEDs to 0.45 and 
0.91 cd A−1 for 3% and 10% (Figure 6a,b), respectively. The 
external quantum efficiency (EQE) of the OLEDs with 1%, 
3%, and 10% doped crystals is plotted in Figure 6c. The EQE 
of crystal-based OLEDs is calculated based on the method by 
using the EL spectra and luminance according to the meas-
ured experiment data which is described in the experimental 
section. Upon increasing the doping concentration of penta-
cene from 1% to 3%, EQE increases from 0.22% to 0.37%. And 
the maximum EQE reaches up to 0.75% for the 10% doped 
crystal-based OLEDs. It is suggested that the spectral power 
distribution has a remarkable effect on device performance.[87] 
The current efficiency is sensitive to the photopic response of 
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human eye, whereas the EQE value is independent.[88] Here, the 
EQE values of doped crystal-based OLEDs show a monotonic 
increase with increasing doping concentration. It is inferred 
that the higher EQE obtained from 10% doped crystal-based 
OLEDs can be ascribed to the higher current efficiency with 
respect to those of 1% and 3%.[87,88] The EL performance of the 
reported organic single crystal-based OLEDs and LE-OFETs has 
been summarized in Table S1 (Supporting Information) for 
comparison.[33,42,76–78,89–91] Undoped BSB-Me crystals also have 
been exploited in the fabrication of crystal-based OLEDs which 
exhibited bright blue light emission (Figure S8, Supporting 
Information). To the best of our knowledge, the luminance, 
current efficiency and EQE of 10% doped crystal-based OLEDs 
represent the highest performance to date for an organic 
single-crystal light-emitting device. In addition to the efficient 
energy transfer from host BSB-Me to guest pentacene, the 
direct exciton formation at guest molecules may also contribute 
to the large increase in efficiency for the pentacene-doped 
crystal-based OLEDs. The LUMO and HOMO of pentacene 
are 3.2 eV and 5.0 eV, respectively, which are located within the 
bandgap of the BSB-Me (Figure S7b, Supporting Information). 
Therefore, pentacene molecules disperse in the BSB-Me host 
crystal lattice and act as charge-trapping sites. The time-of-flight 

measurements have been used to determine 
the charge-transport characteristics which 
revealed that doped crystals had slightly 
lower charge carrier mobility than undoped 
crystals (Figure S9, Supporting Information). 
This may lead to direct carrier recombina-
tion at the pentacene molecules, resulting 
in direct exciton formation, which partially 
contribute to the significantly improved EL 
performance. The unprecedented maximum 
luminance and current efficiency achieved 
in the doped crystal-based OLEDs described 
here opens a realistic route towards high-
performance optoelectronic devices based on 
organic single crystals.

The “perfect” substitutional doping mecha-
nism of stacking mode between guest and 
host molecules in organic single-crystalline 
semiconductor host–guest system was clari-
fied in this work. Polarized PL spectra meas-
urement was carried out, and the intensity 
variation of the angle-dependent polarization 
at the emission peak of the host and guest 
molecules exhibited the same and opposite 
trend, respectively, when rotating the crystal 
90° vertical to the crystal plane, which indi-
cated the substitutional doping of the guest 
molecules. First-principles calculations with 
four typical rotational routes for the host–
guest doping demonstrated the most energy-
favorable configuration of the substitutional 
site. All the experimental and theoretical 
measurements confirmed the microscopic 
picture of guest molecules to be “perfect” 
substitutionally doped inside the host crystal 
lattice by replacing the original molecules 

without distorting the molecular packing. The efficient energy 
transfer and direct carrier recombination on guest molecules 
enabled us to fabricate high-performance, color-tunable, crystal-
based OLEDs with increased luminance and current efficiency. 
For example, we produced homogeneous and color-tunable 
and even white pentacene-doped BSB-Me crystal-based OLEDs, 
which exhibited a maximum luminance, current efficiency, and 
EQE of 1100 cd m−2, 0.91 cd A−1, and 0.75%, respectively. The 
thorough understanding of the doping mechanism in organic 
single-crystalline semiconductors opens a window of opportu-
nity to design and optimize high-performance organic single-
crystal optoelectronic devices for practical applications.

Experimental Section
Organic Single-Crystal Growth: Powders of BSB-Me (Tokyo 

Chemical Industry Co., Ltd.) and pentacene (Alfa Aeser Co., Ltd.) 
were milled together for a few minutes in a mortar in different doping 
concentrations: 1%, 3%, and 10% (1 and 100 mg, 3 and 100 mg, 10 and 
100 mg, respectively). Each concentration of uniform mixed powder was 
then formed and placed at the center of a quartz boat in a quartz tube. 
All organic single crystals were grown from the mixed powder using the 
physical vapor transport method. The sublimation temperature was set 
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Figure 4. OLEDs based on doped single crystals. a–f) Photographs of the operating doped 
crystal-based OLEDs with 10% doping (a,b), 3% doping (c,d), and 1% doping (e,f) concentra-
tions at driving voltages of 8 V (a,c,e)and 12 V (b,d,f), respectively.
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at 270 °C and argon gas was used as a transporting gas with a flow 
of 40 mL min−1. Thin millimeter-sized single crystals were obtained 
at a crystallization zone of 240 °C. During the formation of the doped 
crystals, host and guest molecules could freely diffuse onto the crystal 
surface from vapor, and combine with neighboring molecules through 
intermolecular interactions to form an intact layer.

Characterization of Doped Crystals: The crystals were observed 
under UV-light irradiation using widefield fluorescence microscopy 
on a BK-FL4 fluorescence microscope. The emission spectra were 
detected by an optical fiber and dispersed to the spectrometer, which 
was connected to a charge-coupled device detector (Andor iDus). 
A TCSPC system, equipped with a 379 nm picosecond diode laser 
(Edinburgh Instruments EPL375, repetition rate 20 MHz), was used 
to excite the sample. The emission was detected by a photomultiplier 
tube (Hamamatsu H5783p) and a TCSPC board (Becker&Hickel SPC-
130). X-ray diffraction patterns were recorded using a Rigaku X-ray 
diffractometer (D/max-rA, using CuKα1 radiation of wavelength 
1.542 Å). Standard scans were acquired from 5° to 20° (2θ). The 
crystal thicknesses were measured by atomic force microscope (Digital 
Instruments Nanoscope IIIA) in tapping mode (Figure S10a, Supporting 
Information). And the surface morphology and root-mean-square 
roughness of crystals were measured in contact mode (Figure S10b,c, 
Supporting Information).

Theoretical Analysis of the Doping Mechanism: To explore the 
energetically favorable position of pentacene-doped BSB-Me, the density 
functional theory (DFT)[92] and Vienna ab initio Simulations Package 
were used.[93] The projector augmented wave[94] pseudopotentials 
were used for electron-ion interactions. The generalized gradient 
approximation functional of Perdew, Burke, and Ernzerhof[95] was used 
to treat the exchange and correlation potentials. The energy cutoff for 
plane wave expansion was 520 eV. The BSB-Me 1 × 2 × 1 orthorhombic 
supercell was used with a density of 1.1 g cm−3,[96] and Monkhorst–Pack 
2 × 1 × 1 mesh in Brillouin-zone integration was employed. The lattice 
parameter of the orthorhombic supercell was a = 7.626 Å, b = 12.188 Å, 
and c = 40.348 Å. Because DFT calculations do not adequately capture 
the van der Waals interactions in weakly bonded systems, such as the 

organic molecular crystals considered here, these interactions were 
incorporated by adding a semi-empirical dispersion potential to the 
conventional Kohn–Sham DFT energy, through a pair-wise force field 
following Grimme’s DFT-D2 method.[97]

For the transition dipole moment calculation, single BSB-Me and 
pentacene molecules were focused. At first, geometry optimization 
was performed by Gaussian 09[70] using the B3LYP/6-31G(d) level of 
theory.[98,99] Then time-dependent density functional theory (TDDFT) 
calculation with cam-band LYP/6-31+G(d) level of theory[100] was 
performed to obtain the molecular orbitals and basis function 
information, including the contributions of excitation state. In order to 
gain more accurate results, IOp (9/40 = 5) keyword was also added in 
the TDDFT calculation. As a result, the transition of multiple molecular 
orbit pairs with weighting coefficient larger than 0.00001 were taken into 
account. Finally, the transition dipole moments of the first transition 
modes for both BSB-Me and pentacene were calculated with the 
Multiwfn program.[101]

Fabrication and Characterization of Crystal-Based OLEDs: The 
multilayered OLEDs based on organic single crystals were fabricated 
using template stripping technique as previously described.[76–78] The 
grown single crystals were transferred onto a octadecyltrichlorosilane-
modified Si/SiO2 substrate. A 10 nm thick MoO3 layer and a 100 nm 
thick Au anode were deposited onto the organic crystal by thermal 
evaporation. A droplet of Norland Optical Adhesive 63 photoresist was 
placed on the device and compressed by a piece of glass, which spread 
the photoresist to the edge of the whole glass. After exposure to UV-light, 
the photoresist was cured and peeled off from Si/SiO2 substrate with the 
device. The device was then transferred to the glass substrate. Finally, 
a 70 nm TPBi layer and a 10/20 nm Ca/Ag cathode were respectively 
evaporated onto the opposite sides of the organic crystals. The thermal 
evaporation rate was maintained at 1 Å s−1 at a pressure of 5 × 10−4 Pa.  
The active area of the device was determined by the metal mask of 
200 × 300 µm2. The current density–voltage characteristics of the device 
were measured by a Keithley 2400 programmable voltage–current 
source. The luminance of the crystal-based OLEDs was detected by the 
Photo Research PR-655 spectrophotometer.

Adv. Mater. 2018, 1801078

Figure 5. a–c) EL spectra of 10% doped (a), 3% doped (b), and 1% doped (c) crystal-based OLEDs at different driving current densities. d) The corresponding 
1931 CIE coordinate diagram of the red (x = 0.66, y = 0.32), pink (x = 0.54, y = 0.30), and white (x = 0.29, y = 0.30) light emission.
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External Quantum Efficiency Calculation: The EQE value of crystal-
based OLEDs was calculated by using Equation (1) as follows[102]

EQE sin2
, d

, d
d

m
v0

2e
K hcJ

L
P

P V∫π θ θ
λ θ λ λ
θ λ λ λ

θ( )
( ) ( )

( )=
∫

∫










π

 (1)

where e corresponds to the quantity of the electron charge, Km is a 
conversion constant based on the maximum sensitivity of the eye 
(683 lm W−1), h is the Planck constant, c is the velocity of the light, J 
is the measured current density, P(θ,λ) is the relative spectral power 
distribution of the device at viewing angle θ, V(λ) is the normalized 
photopic spectral response function, and Lv(θ) is the spectral luminance 
at θ.
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