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morphology and device architecture and so on, the power con-
version effi ciencies (PCEs) of the single heterojunction OSCs 
based on P D /F-M A , P D /NF-M A , and M D /F-M A  have exceeded 
to 10.5%, [ 43–46 ]  12.00%, [ 47 ]  and 10.00%, [ 48 ]  respectively. The all-
polymer (P D /P A ) OSCs also have achieved great successes with 
the highest PCE of 8.27%. [ 49 ]  Compared with those types, the 
latter two small molecular donor based (M D /P A  and M D /NF-M A ) 
OSCs have relatively lower PCEs with 4.82% [ 50 ]  and 5.44% [ 51 ] , 
respectively. It is interesting to note that all-small-molecular 
OSCs based on perylene diimide (PDI) were relatively rarely 
studied and PCEs over 3% have rarely been reported. [ 40,52–55 ]  

 However, small molecules offer several advantages such 
as better-defi ned structure, less batch-to-batch variation, fi ne-
tunable energy level and absorption, and deep-understanding 
the relationship between chemical structure and device perfor-
mance in comparison with polymer materials. [ 56 ]  Thus, small 
molecules as an interesting and developing sub-branch in 
OSCs fi eld are promising. What’s more, the non-fullerene small 
molecular acceptors, namely, NF-M A  have attracted broad inter-
ests of researchers from home and abroad owing to the strong 
absorption ability in visible light region, good electron-accepting 
ability, higher electron mobility, and the ability of fi ne-tuning 
electronic energy levels via chemical modifi cation. [ 47,57–60 ]  As 
one of the typical electronic acceptor, PDI derivatives have been 
paid great attention and have achieved fast advances during the 
past few years. Importantly, the PCEs of PDI-based PSCs have 
exceeded 9% that could be comparable with the fullerene-based 
polymer solar cells (PSCs), [ 61,62 ]  due to chemical functionaliza-
tion in the bay, non-bay position, or imide group as well as the 
optimization of device architecture and donor materials. [ 63–67 ]  In 
addition, in recent years, the three-dimensional (3D) PDI small 
molecule acceptors have got great achievements with the advan-
tages of high extinction coeffi cient, favorable BHJ morphology 
featuring a small domain size, and a higher open circuit voltage 
( V  oc ). [ 68–71 ]  

 In addition, for OSCs, one of the most important factors that 
limits the effi ciency is the signifi cant loss in energy ( E  loss ) from 
the band gap ( E  g ) and the  V  oc  of the device, compared to the 
other types of solution-processed thin fi lm solar cells, such as 
perovskite solar cells. [ 72,73 ]  In practice, it is well known that the 
 E  loss  is typically 0.7–1.0 eV in effi cient OSCs evaluated by com-
paring the optical band gap ( g

optE ) with  V  oc , while it is less than 
0.5 eV for perovskite solar cells. [ 74–76 ]  The  E  loss  in solar cells is 
attributed to three factors, including the radiative recombina-
tion originating from the absorption above the band gap, the 

  Bulk-heterojunction (BHJ) organic solar cells (OSCs) com-
prising of an electron donor ( p -type) and an acceptor material 
( n -type), have attracted extensive interests for researchers due to 
these attractive advantages, including low cost, solution process-
ability, lightweight, fl exibility, and the possibility of large-scale 
production. [ 1–3 ]  The performance of OSCs depends highly on 
the energy levels, the absorption ability, and the charge transfer 
mobility of the donor and acceptor materials. Thus, much 
efforts have been devoted to the design and synthesis of novel 
donors and acceptors. Among them, the donor materials can be 
divided into polymeric donor (P D ), small molecular donor (M D ), 
and the acceptors also can be divided into fullerene molecular 
acceptors (F-M A ), non-fullerene small molecular acceptor 
(NF-M A ), and polymeric acceptors (P A ). 

 According to the classifi cation of the donors and accep-
tors, the OSCs can be separated into six types: P D /F-M A , [ 4–8 ]  
P D /NF-M A , [ 9–31 ]  P D /P A  (“all-polymer”), [ 32–36 ]  M D /F-M A  (“all small 
molecule”), [ 37–39 ]  M D /P A , [ 39 ]  and M D /NF-M A  (“non-fullerene all 
small molecule”, NF-ASM). [ 40–42 ]  Due to the intense investiga-
tions on the design and synthesis of donors and acceptors with 
new chemical structures, as well as the optimization of the BHJ 

Adv. Energy Mater. 2016, 1601664

www.MaterialsViews.com
www.advenergymat.de

http://doi.wiley.com/10.1002/aenm.201601664


C
O

M
M

U
N

IC
A
TI

O
N

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1601664 (2 of 6) wileyonlinelibrary.com

additional radiative recombination from the absorption below 
the band gap, and the non-radiative recombination. [ 61 ]  There-
fore, it is essential to design and explore the OSCs with rela-
tively low  E  loss  and high  V  oc  as well as keeping a high quantum 
effi ciency for charge generation, to further enhance the PCE of 
OSCs. [ 72 ]  

 Herein, we adopted a small molecular material DRCN5T as 
the donor with the optical band gap of 1.60 eV [ 48 ]  and a 3D-PDI 
acceptor that consists of three PDI subunits adjoining one 
single benzene ring to study the effect of thermal annealing 
(TA) treatment on the crystalline and orientation of donor and 
acceptor molecules and thereby the performance of NF-ASM 
OSCs. Upon TA treatment, the PCE of the BHJ devices was 
enhanced from 0.47% to 6.16%. To our best of knowledge, the 
PCE is among the highest values as reported in NF-ASM OSCs. 
In addition, the energy loss ( E  loss ) calculated from the differ-
ence between the optical band gap of DRCN5T and the  eV  oc  is 
as low as 0.56 eV. 

 As displayed in  Figure    1  , the conjugated 3D PDI-based 
acceptor consists of three PDI subunits, and each PDI subunit 
is linked into one benzene ring via double carbon–carbon 
bonds, namely, triperylene hexaimides (TPH). UV–vis absorp-
tion spectrum of TPH fi lm has a strong and broad absorp-
tion at the region of 300–600 nm, complementary to that of 
the DRCN5T fi lm from 500 to 780 nm, which is benefi cial to 
utilize the visible region of the sunlight. The absorption edge 
of DRCN5T at 777 nm corresponds to an optical band gap of 
1.60 eV, consistent with the previous literature. [ 48 ]  Meanwhile, 
cyclic voltammetry (CV) measurements were carried out in 
acetonitrile/0.1  M  tetrabutylammonium hexafl uorophosphate 
(Bu 4 NBF 4 ) solution. From Figure S1 (Supporting Information), 
the highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) of DRCN5T fi lm calcu-
lated from the onset oxidation and reduction potentials were 
estimated to be −5.32 and −3.63 eV, respectively; the HOMO 
and LUMO of TPH fi lm were −3.80 and −6.34 eV, assuming 
that the Fc/Fc +  had an absolute energy level of −4.80 eV to 
vacuum. Thus, the band gap measured via CV method ( g

cvE ) is 
1.69 eV.   

 In order to explore the photoelectronic property of TPH 
in NF-ASM OSCs, photovoltaic devices were prepared with 
an inverted device structure of ITO/ZnO/DRCN5T:TPH/
MoO  x  /Al, as shown in Figure  1 a. Chloroform (CF) was used as 

the solvent, and the fi lms were optimized by carefully control-
ling the weight ratio of donor and acceptor, the thermal temper-
ature from room temperature to 190 °C, and the thermal time. 
The thickness of all BHJ layer was controlled to about 110 nm. 
The photovoltaic parameters of DRCN5T:TPH devices as-cast 
and with TA-treatment (100 °C) at different donor/acceptor 
ratio were summarized in Table S1 (Supporting Information) 
and the corresponding current–density/voltage ( J – V ) curves 
and the external quantum effi ciency (EQE) spectra were shown 
in Figure S2 (Supporting Information). As shown, the device 
parameters of DRCN5T:TPH BHJ layers as-cast showed a poor 
short-circuit current density ( J  sc ) and fi ll factor (FF); fortunately, 
the DRCN5T:TPH BHJ layers after TA (100 °C) treatment 
exhibited a signifi cant enhancement, especially the  J  sc  and FF, 
making the PCE improved from 0.47% to 5.37%. Then the 
thermal temperature and the thermal time were optimized 
carefully as shown in Tables S2 and S3 (Supporting Informa-
tion). The optimal condition for DRCN5T:TPH BHJ layers was 
under 160 °C thermal treatment for 20 min. Under this condi-
tion, the DRCN5T:TPH devices showed a PCE max  of 6.16% with 
a  J  sc  of 11.59 mA cm −2 , a  V  oc  of 1.04 V, improving by 12 times. 
Those data were summarized in  Table    1   and the corresponding 
 J-V  curves and EQE spectra were shown in  Figure    2  . 

 In addition, the energy loss ( = −loss
opt

g
opt

OCE E eV ) is only 0.56 eV, 
if the band gap is the optical band gap ( g

optE ), which is among 
the lowest  E  loss  in organic solar cells. [ 72–74 ]  If the band gap is g

CVE  
measured by CV method, the loss

CVE  is about 0.65 eV. According 
to the literature, we also used another method to evaluate the 
band gap based on the crossing point between the absorption 
and emission spectra. [ 61 ]  As shown in Figure S4a and Table S4 
(Supporting Information), the band gap is about 1.68 eV, and 
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 Figure 1.    a) Device structure, molecular structure, and energy level diagram of the donor DRCN5T and acceptor TPH. b) Normalized UV–vis absorption 
spectra of pure donor and pure acceptor fi lms.

  Table 1.    Photovoltaic parameters of the solar cells based on 
DRCN5T:TPH as-cast and TA treatment at different conditions under AM 
1.5G illumination of 100 mW cm −2 . 

Blend  V  oc  
[V]

 J  sc  
[mA cm −2 ]

FF PCE 
[%]

DRCN5T:TPH As-cast 1.06 1.61 0.28 0.47

100 °C for 10 min 1.05 11.05 0.47 5.37

160 °C for 10 min 1.04 11.52 0.50 5.78

160 °C for 20 min 1.04 11.59 0.51 6.16
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the  E  loss  is about 0.64 eV. To the best of our knowledge, the  V  oc  
of 1.04 V is among the highest value in this system with  E  g  of 
about 1.60 eV. [ 5,7,10,17,18,48 ]  

 As shown from the photoluminescence (PL) spectra in 
Figure S4b (Supporting Information), the fl uorescence of 
acceptor TPH was completely quenched by the donor DRCN5T 
in blend fi lm, indicating that the charge separation can occur 
effi ciently at the surface of donor and acceptor. In addition, 
the morphology of DRCN5T:TPH blend fi lms as-cast and with 
TA treatment were characterized by atomic force microscopy 
(AFM), resonant soft X-ray scattering (RSoXS), and grazing 
incidence wide-angle X-ray scatterings (GIWAXS). First, the 
surface morphology of the BHJ active layers was studied by tap-
ping model AFM. The height images in  Figure    3  a,b showed that 
there were signifi cant differences between the morphology of 
DRCN5T:TPH blend fi lm as-cast and that of the TA-treatment 

blend fi lm. The DRCN5T:TPH blend fi lm as-
cast had relatively smoother and more uni-
formed surfaces with the root-mean-square 
(RMS) roughness of 0.43 nm. Thus, there 
were no phase separation to form pathways 
for holes and electrons transporting. Upon 
TA treatment, the BHJ active layer had a 
signifi cant phase separation, larger domain 
size, and rougher surfaces with RMS up 
to 1.47 nm. Benefi ting from the TA treat-
ment, the BHJ active layer had favorable 
morphology with optimal domain size and 
favorable transport pathway, which was good 
for the charge separation and transport. 

  RSoXS was performed to investigate the 
spatial dimensions of phase separation at dif-

ferent length scales and the relative domain purity. [ 77 ]  A photon 
energy 284.2 eV was utilized to provide high small molecular 
donor/acceptor contrast between blend active layer with and 
without TA treatment. As shown in Figure  3 c, the DRCN5T:TPH 
active layer as-cast presented low scattering intensity and thus 
weak phase separation; but after TA treatment, the active layer 
had a higher scattering intensity and multiple scattering peaks. 
According to the domain spacing revealed at the  ξ  = 2 π / q  ( ξ  
is the corresponding mode phase distribution in real space), 
the DRCN5T:TPH active layer as-cast had a small and broad 
characteristic mode length scale with  ξ  ≈ 41 nm, whereas for 
TA-treatment blend, the dominant scattering peak reveals a 
lager length scale with  ξ  ≈ 51 nm. The total scattering intensity 
(TSI) data can be acquired by integrating the scattering profi les 
and further to extract the relative domain purity. As shown in 
Figure  3 c, the relative domain purity in DRCN5T:TPH active 

layer with TA treatment and DRCN5T:TPH 
blend as-cast was 1.00 and 0.76, respectively. 
The impure and relative small domains of the 
DRCN5T:TPH blend as-cast were negative to 
the charge transport and led to a high bimo-
lecular recombination and low FF. Thus, 
along with the TA treatment, the slightly large 
and pure domains balanced the exciton disso-
ciation and charge transport, corresponding 
to the high  J  sc  and FF. 

 These above phenomena can also be 
observed from the absorption spectra of 
pure DRCN5T, blend fi lms as-cast and with 
TA treatment as shown in Figure  3 d. The 
absorption ability of blend fi lm was enhanced 
signifi cantly after TA treatment, while it was 
quite weak for as-cast blend in around about 
550–750 nm; but it was still lower than that 
of the pure DRCN5T fi lm. Thus, the intro-
duction of acceptor TPH would weaken the 
 π – π  stacking of donor DRCN5T. Therefore, 
GIWAXS were characterized to investigate 
the effect of TA treatment on the crystal-
linity, molecular packing, and orientation in 
pure and blend fi lms. [ 78 ]   Figure    4  a,b showed 
that TPH acceptor fi lm exhibited amorphous 
state, even with TA treatment. For pure 

Adv. Energy Mater. 2016, 1601664

www.MaterialsViews.com
www.advenergymat.de

-0.25 0.00 0.25 0.50 0.75 1.00

-10

-5

0

5

Voltage (V)

C
u

rr
en

t 
D

en
si

ty
 (

m
A

/c
m

2 )  DRCN5T:TPH TA
 DRCN5T:TPH as-cast

a)

300 400 500 600 700 800
0

10

20

30

40

50

60

70
 DRCN5T:TPH as-cast
 DRCN5T:TPH TA

E
Q

E
 (

%
)

Wavelength (nm)

b)

 Figure 2.    a)  J–V  curves and b) EQE spectra of solar cell devices as-cast and with TA treatment 
(160 °C) at the optimal donor/acceptor ratio.

 Figure 3.    a,b) Tapping mode AFM height of DRCN5T:TPH as-cast and with TA treatment. 
c) RS O XS profi les of blend fi lms as-cast and with TA treatment, d) absorption spectra of 
DRCN5T, blend fi lms as-cast and with TA treatment.
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DRCN5T donor, the fi lm as-cast took on a weak crystallinity and 
showed unclearly lamellar (100) scattering peak ( q  = 0.33 Å −1 ) 
and  π – π  (010) scattering peak ( q  = 1.72 Å −1 ), corresponding to 
an inter-chain distance and  π – π  stacking distance of 19 and 
3.65 Å, respectively. But the crystallinity and  π – π  stacking 
of pure DRCN5T fi lm after TA treatment were signifi cantly 
enhanced and showed pronounced lamellar (h00) peaks and 
strong (010) peak ( q  = 1.75 Å −1 ,  d  = 3.59 Å) in the in-plane and 
out-of-plane directions. The DRCN5T:TPH blend fi lm as-cast 
exhibited almost no diffraction peak, indicating the amorphous 
state of the DRCN5T and TPH. After processing with TA treat-
ment, the blend fi lms showed obvious diffraction peaks, but 
the crystallinity and  π – π  stacking of DRCN5T molecules were 
weakened in comparison with the pure fi lm, especially in the 
in-plane direction for  π – π  stacking peak. This indicates that the 
DRCN5T has a dominant face-on orientation when blended 
with the TPH, which is benefi cial to charge transport in the 
vertical direction and results in a high FF. Compared to the 
as-cast blend fi lm, the enhancement ordering for DRCN5T 
molecules in TA-treatment blend is in favor for improving the 
hole mobility. These results revealed that while the introduc-
tion of acceptor weakened the crystallinity of DRCN5T in the 

in-plane and out-of-plane directions as well as weakened the 
 π – π  stacking in the in-plane direction, the crystallization of the 
donor DRCN5T in the TA blend fi lm leads to the appropriate 
phase separation and purer domains, which results in both 
increased  J  sc  and FF. 

  The hole ( μ  h ) and electron ( μ  e ) mobilities were further evalu-
ated by the space-charge-limited current (SCLC) method with 
the device structure of ITO/PEDOT:PSS/DRCN5T:TPH/Au and 
ITO/ZnO/DRCN5T:TPH/Al, respectively, to probe the effect of 
TA treatment on the charge transporting behavior of DRCN5T, 
TPH and blend active layers. Those results were presented in 
Table S5 and Figure S6 (Supporting Information). As shown, 
the mobilities of DRCN5T and the BHJ active layers were 
enhanced signifi cantly after TA treatment due to the closer 
lamellar packing and  π – π  stacking enhancement by TA treat-
ment. In addition, the  μ  h  of active layers were higher than  μ  e , 
indicating that the relative lower  μ  e  limits the enhancement 
of  J  sc  and FF. Thus, it is a challenge for 3D-PDI based derives 
to enhance the electron mobility for higher  J  sc  and FF, on the 
basis of maintaining the favorable fi lm morphology. According 
to the SCLC mobility, the  μ  e  of TPH pure fi lm was enhanced 
when the donor DRCN5T was added, demonstrating that the 
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 Figure 4.    a–f) 2D GIWAXS patterns and g) scattering profi les of out-of-plane and in-plane for the acceptor TPH, donor DRCN5T, and blend active 
layers as-cast and with TA treatment.
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donor material DRCN5T maybe a bipolar compound. There-
fore, the fi eld-dependence of the carrier mobilities was per-
formed and found that the DRCN5T molecules exhibited a high 
 μ  h  of 0.017 cm 2  v −1  s −1  as well as  μ  e  of 0.0031 cm 2  v −1  s −1 . The 
ambipolar charge transport characteristics for donor DRCN5T 
are contributed to the charge carrier balance in the BHJ active 
layer, as shown in Figure S7 (Supporting Information). 

 In addition, we also used the analogue of TPH, namely, 
STPH consisting of three PDI subunits with each PDI sub-
unit linked into one benzene ring via single carbon–carbon 
bond, as shown in Figure S8a (Supporting Information). The 
DRCN5T:STPH based NF-ASM OSCs also exhibited high 
device parameters with  V  oc  of 1.01 V,  J  sc  of 11.16 mA cm −2 , FF 
of 0.50, and PCE of 5.60% as shown in Table S6 (Supporting 
Information), approaching to the PCE of STPH based polymer 
solar cells using PTB7-Th as polymeric donor. [ 55 ]  According 
to the absorption, the marginal difference of PCE between 
DRCN5T:STPH and DRCN5T:TPH is caused by the absorp-
tion ability in the range of 350–460 nm as shown in Figure S8b 
(Supporting Information). Since the frontier orbitals of TPH 
is strongly delocalized over the entire molecule, while those of 
STPH is localized on only one or two of the three PDI propel-
lers. Thus the TPH acceptor has a stronger absorption ability 
than STPH as illustrated in previous literature. [ 79 ]  These results 
demonstrate that the PDI derivatives can also be used as the 
electron acceptors to fabricate NF-ASM OSCs with higher 
PCEs. 

 In conclusion, we adopted a PDI derivative with 3D rylene 
architecture as electron acceptor and systematically investigated 
the effect of TA treatment on the BHJ morphology, molecular 
packing and orientation in the BHJ active layers. These results 
reveal that the acceptor molecules TPH have a greate infl uence 
on the molecular packing of donor DRCN5T that will weaken 
the crystalline in both in-plane and out-of-plane directions as 
well as the  π – π  stacking interaction in out-of-plane direction, 
making the DRCN5T molecules have a dominant face-on ori-
entation in the BHJ active layer with TA treatment. In addition, 
TA treatment has a signifi cant infl uence on the BHJ mor-
phology and facilitates the crystalline and enhances the  π – π  
stacking interaction of donor DRCN5T signifi cantly, improving 
the PCE of DRCN5T:TPH based OSCs from 0.47% to 6.16%, 
among the highest PCEs for non-fullerene all-small-molecules 
OSCs. Additionally, the devices also showed a high  V  oc  of 1.04 V 
and a small  E  loss  of 0.56 eV, both parameters among best values 
for NF-ASM OSCs and even for polymer solar cells. As a result, 
the non-fullerene all-small-molecules OSCs are also good can-
didates for promoting the development of OSCs.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author. 
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