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The symmetrical planar star-shaped organic semiconductor DMM-TPA-[DTS(BTTh;)]; with fused TPA core donor and three branch motifs,
DTS(BTTh;), exhibited efficient p-type semiconducting performance in solution-processed SMOSCs and OFETs compared to the tilted
star-shaped TPA-[DTS(BTTh,)]s; a noteworthy PCE value of 4.16% was observed, with a hole mobility and on/off ratio of 7.6 x 1073 em? V' s

and 5 x 10°, respectively.

Organic solar cells (OSCs) fabricated by versatile print-
ing methods such as the doctor blade, inkjet, and roll-to-
roll methods are inexpensive, lightweight, and highly
solution-processable. Over the past few years, considerable
effort has been focused on improving the OSC perfor-
mance, with the aim of achieving a power conversion
efficiency (PCE) of 10%. The following strategies have
been adopted for this purpose: (1) development of photo-
active materials such as s-conjugated semiconducting poly-
mers and fullerenes, (2) use of functional layers for buffer-
ing, charge transport, optical spacing, etc., and (3) tuning
the morphology of the photoactive film by postannealing,
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solvent drying, or using processing additives.'* In particu-
lar, semiconducting polymers with new structures, affording
PCEs above 8% in bulk-heterojunction (BHJ) OSCs fabri-
cated using [6,6]-phenyl-Cq; (or 71)-butyric acid methyl
ester (PCs; (or 71yBM), have been developed; these poly-
mers find potential applications in next-generation solar
cells.® Over the past few years, considerable research has
been focused on developing efficient small-molecule organic
semiconductors to improve the performance of solution-
processed small-molecule OSCs (SMOSCs), with the near-
term goal of achieving a PCE comparable to that of polymer

(3) Green, M. A.; Emery, K.; Hishikawa, Y.; Warta, W.; Dunlop,
E. D. Prog. Photovoltaics 2011, 19, 565-572.

(4) Roquet, S.; Cravino, A.; Leriche, P.; Alévéque, O.; Frere, P.;
Roncali, J. J. Am. Chem. Soc. 2006, 128, 3459-3466.

(5) Cravino, A.; Leriche, P.; Aleveque, O.; Roquet, S.; Roncali, J.
Adv. Mater. 2006, 18, 3033-3037.

(6) Tamayo, A. B.; Dang, X. D.; Walker, B.; Seo, J.; Kent, T.;
Nguyen, T. Q. Appl. Phys. Lett. 2009, 94, 103301-1-3.



solar cells (PSCs).*~® Small-molecule organic semiconduc-
tors are more attractive than polymer-based ones for mass
production because the latter suffer from poor reproduci-
bility of the weight-average molecular weight and poly-
dispersity index and are difficult to purify.
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Figure 1. Molecular structure of DMM-TPA-[DTS(BTTh;)|3
(1) and TPA-[DTS(BTTh3)]; (2) and device architectures of
solution-processed small molecule organic solar cell and organic
field-effect transistor.

A recent breakthrough in this regard has been reported
by Sun et al., who successfully achieved PCEs exceeding
6% by using SMOSCs, thus making solution-processed
SMOSCs strong competitors to PSCs.” Shang et al. have
recently reported new symmetrical star-shaped acceptor—
donor—acceptor (A—D—A) frameworks comprising a
triphenylamine (TPA) core and various acceptors.'” Thus
inspired, we attempted to develop organic semiconductors
with unique structures for use in solution-processed
SMOSCs. The TPA unit does play important roles as
electron donor and hole transport mediator, but it has a
structure tilted between three aromatic benzene rings on a
nitrogen atom that should be a crucial obstacle to inter-
molecular packing structure for efficient charge-transport
in bulk-heterojunction (BHJ) system.

In this study, we synthesized a symmetrical planar star-
shaped A—D—A organic semiconductor: tris[[4-[3,3'-
dihexylsilylene-2,2'-bithiophene]-7-[5"-n-hexyl-(2,2';5',2"-
terthiophene)-5-yl]benzo[¢][1,2,5] thiadiazole]-2,6,10-yl]-
4.4.8,8,12,12-hexamethyl-4 H,8 H,12 H-benzo[ 1,9]quinolizino-
[3,4,5,6,7]acridine (DMM-TPA-[DTS(BTThs)];, 1) which
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has a TPA core (donor) and three branched motifs, DTS-
(BTThs), comprising dithieno(3,2-b;2’,3'-d)silole (DTS),
benzothiadiazole (BT), and hexylterthiophene units. SMOSCs
and organic field-effect transistors (OFETSs) based on this
efficient p-type semiconductor exhibited a PCE and hole
mobility of 4.16% and 7.6 x 1073 cm?® V! s, respectively,
with an on/off ratio of 5 x 10°. We also compared the char-
acteristics of this molecule with those of the tilted star-shaped
tris[4-[3,3’-dihexylsilylene-2,2’-bithiophene]-7-[5”-n-hexyl-
(2,2';5',2"-terthiophene)-5-yl]benzo[c][1,2,5]thiadiazole]-
p-phenylenelamine (TPA-[DTS(BTThs)]z, 2) (Figure 1).
The synthetic methods are outlined in Scheme S1
(Supporting Information). Compounds i, ii, and v were
synthesized according to the procedure reported pre-
viously.'""!'? Stille coupling reactions of i and ii with
Pd(PPhj), as the catalyst in anhydrous toluene readily
afforded iii. The DTS unit showed a smaller bandgap
than did bithiophene, which is bridged by an sp® carbon,
because of the low-lying LUMO and the greater stabiliza-
tion of the HOMO. In addition, since the synthesized
DTS(BTTh;) has a motif similar to that of the highly effi-
cient symmetrical A—D—A organic semiconductor, DTS-
(PTThs,),, which comprises a DTS donor and two [1,2,5]-
thiadiazolo[3.4-c]pyridine (PT) acceptors end-capped with
hexylbithiophene (reported recently by Sun et al.),’ it
might show broad absorption and good hole mobility.
Next, we introduced the planar TPA-bridged dimethyl-
methylene (DMM). The benzene rings in TPA have ~35°
of tilted angle on a nitrogen atom, while the tilt angle in
DMM-TPA was much smaller because of the DMM
bridge between the benzene rings. Moreover, the radical
cation of DMM—TPA had a nearly planar structure.
Thus, we supposed that the DMM—TPA core can facil-
itate intermolecular packing and increase the lifetime of the
charge-separated state in the BHJ system more efficiently
than does TPA. For bridging with DTS(BTThs;), v was
synthesized through modification of DMM—TPA by NBS
according to a literature procedure.'® Then, the organotin
complex (vii) of DMM—-TPA was conducted with the
v using n-BuLi and trimethyltin chloride. Finally, 1 could
be successfully synthesized via Stille cross coupling with vii
using Pd(PPh;), in anhydrous toluene. Compound 2 was
also prepared from the bromo-TPA using the above-
mentioned synthetic method. The chemical structures
of 1 and 2 were verified by 'H NMR, '3C NMR, and
MALDI-TOF mass analysis. Both these materials showed
good solubility in common organic solvents such as methyl-
ene chloride, chloroform, chlorobenzene, and toluene.
Figure 2 shows UV—vis absorption spectra of 1 and 2
in chlorobenzene solution, in pristine thin film, and
1/PC;BM and 2/PC;BM BHI films (1:4); the corre-
sponding optical properties are summarized in Table S1
(Supporting Information) The wz—s* transition and ICT
transition bands of the planar star-shaped 1 showed a slight
redshift as compared to those of the tilted star-shaped 2, and
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the molar absorptivity, too, was higher in the case of the
former. In the thin-film state, the absorption bands of both
1 and 2 showed a redshift of ~40 nm relative to those in
solution, and broader spectral peaks were observed be-
cause of intermolecular 7—s packing interactions. These
results indicated that the planar structure of 1 results in
higher molar absorptivity because of efficient ICT and
m—ar* transitions and facilitates intermolecular t—s pack-
ing interactions more efficiently than does the tilted star-
shaped structure of 2, in solution and in the solid state.
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Figure 2. UV —vis absorption spectra of 1 (red) and 2 (blue) in
chlorobenzene solution (solid line) and in pristine film (dotted line)
and 1/PC,;BM BHIJ (1:4) and 2/PC7;BM BHJ (1:4) films
(dashed line).

From the cyclic voltammograms of 1 and 2 in Figure S1
and Table S1 (Supporting Information), the calculated
HOMO/LUMO levels of 1 and 2 were 4.941/3.663 and
4.993/3.525 eV, respectively. These results indicated that
the planar structure of TPA slightly increases the HOMO
level as compared to that of the pristine TPA counterpart,
leading to a slight decrease in V,. of the BHJ devices
fabricated using active layers with PCBM.'?

To investigate the potential applicability of the two new
compounds in plastic electronics, OFETs were fabricated
in top-contact geometry. Figure 3a shows the transfer
characteristics of the FET devices based on 1 and 2. All
the FETs were operated in accumulation mode; the applied
source-drain bias (Vy4s) during the transfer characteristic
measurements was —60 V. The measured transport data
were typical of p-channel OFETs: the devices were turned
on under negative gate bias. The transfer characteristics
data in Figure 3a indicated that the source-drain current
(14s) 1s higher in the FET based on 1. Higher FET per-
formance was also evident from the output characteristics,
as shown in Figure S2 (Supporting Information). The satu-
rated hole mobilities of 1 and 2 were calculated using the
saturation current equation: Iys = (WC;2L)u(Vys — V)%,
where W (= 50 um) is the channel width; L (= 3000 um),
the channel length of the devices; C; (= 15 nF/em?), the
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Figure 3. (a) Transfer characteristics of the FET devices based
on 1 and 2; (b) current (J)—voltage (V) curves of BHJ solar cells
fabricated with 1/PC7BM (red) or 2/PC7;BM (blue) under opti-
mized processing conditions with (solid line)/without (dotted line)
insertion of TiO, layer.

capacitance of the SiO, dielectric; and Vr, the threshold
voltage. Linear plots of I vs Vs, deduced from Jyq
vs Vs measurements (Figure S2a and S2b, Supporting
Information), yielded a hole mobility of 7.6 x 10~°
cm?/V-sand 2.2 x 107> cm?/V-s for 1 and 2, respectively.
These FET results could be also corresponded to the hole
mobilities of 2.53 x 107> cm?/V-s (1) and 1.77 x 107°
cm?/V-s (2) evaluated using the space-charge limitation of
current (SCLC) analysis (Figure S3, Supporting Information).
We note that the planar structure can result in enhanced hole
transport properties via efficient intermolecular 77— packing
interactions even in a BHJ system with PC5;BM.

These molecules were used for the fabrication of photo-
voltaic devices along with PC;1BM BHJ films, which
exhibited better performance with PC7;BM than PCsBM
due to good spectral response of PC7;BM in visible region,
and their performance was assessed.'

A study of more than 200 solar cells revealed that the
most efficient photovoltaic cells were obtained from the
BHJ system based on 1 or 2 with PC;;BM, which were
optimized at a ratio of 1:4. The optimum thicknesses of the
1/PC;BM and 2/PC,;BM BH]I films cast on a PEDOT:
PSS layer were approximately 90 and 92 nm, respectively.
Figure 2b shows the J—V curves under AM 1.5 irradiation
(100 mW/cm?) and the IPCE spectra of the organic
semiconductor/PC;;BM BHJ solar cells fabricated under

(14) Lee, J. K.; Ma, W. L.; Brabec, C. J.; Yuen, J.; Moo, J. S.; Kim,
J.Y.; Lee, K.; Bazan, G. C.; Heeger, A. J. J. Am. Chem. Soc. 2008, 130,
3619-3623.
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optimized processing conditions with and without TiO,,
which can effectively act as an optical spacer and buffer
layer,'® between the photoactive layer and the Al electrode.
The corresponding values are summarized in Table 1.

Table 1. Photovoltaic Performances of the Devices Fabricated
with Star-Shaped Organic Semiconductors (1 or 2)/PC;;BM
BHJ Film*

TiO,
materials insertion Jg (mAem 2) V,.(V) FF 7 (%) max/avg
1 X 9.30 0.74 0.44 3.02/2.90
1 (0] 11.34 0.74 0.50 4.16/4.10
2 X 8.83 0.74 0.40 2.62/2.58
2 (0] 10.12 0.74 0.48 3.49/3.23

“The optimized BHJ films were spin-cast at 3000 rpm for 60 s.
The photovoltaic characteristics were performed under simulated
100 mW/cm? AM 1.5G illumination. The light intensity used calibrated
standard silicon solar cells with a proactive window made from KG5
filter glass traced to the National Renewable Energy Laboratory
(NREL). The masked active area of the device is 4 mm?>.

The IPCE spectra of these devices show curves well-
matched with their optical absorptions, resulting in close cor-
relation with the photocurrents in the J-V curves (Figure S4,
Supporting Information). As shown in Figure 3b and Table 1,
the PCE, short-circuit current density (J.), fill factor (FF), and
V. of the device fabricated conventionally from 1/PC,;BM
were 3.02%, 9.30 mA/cmz, 0.44, and 0.74 V, respectively. On
the other hand, the device fabricated with 2/PC7BM had
PCE, J, FF,and V. values of 2.62%, 8.83 mA/cmz, 0.40, and
0.74 V, respectively.

The relatively higher J. and FF of 1 could be attributed
to the better hole mobility resulting from the efficient
intermolecular w—s packing interactions, which in turn
were facilitated by the planar skeleton of 1. Moreover, the
devices fabricated using 1/PC;;BM film with a TiO, layer
showed the best PCE of 4.16%, with J. = 11.34mA-cm 2,

(15) Lee, J. K.; Coates, N. E.; Cho, S.; Cho, N. S.; Moses, D.; Bazan,
G. C.; Lee, K.; Heeger, A. J. Appl. Phys. Lett. 2008, 92 (243308), 1-3.

(16) Lee, K.; Kim, J. Y.; Park, S. H.; Kim, S. H.; Cho, S.; Heeger, A.
J. Adv. Mater. 2007, 19, 2445-2449.
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FF = 0.50, and V,. = 0.74 V; thus, the performance was
enhanced by ~38% as compared to that of the films without
the TiO, layer. The SMOSCs fabricated with 1/PC;;BM
and 2/PC;BM BHJ films showed significantly increased
photocurrents (~20% and ~15% increase, respectively)
and a slightly enhanced FF after insertion of the TiO, layer.
This was because the TiO, layer allowed for increased light
absorption and better contact between the active layer and
the metal electrode in the device.'®

In conclusion, we have synthesized a symmetrical planar
star-shaped organic semiconductor, DMM-TPA-|DTS-
(BTTh3)]3, and demonstrated its use as an efficient p-type
organic semiconductor in solution-processed SMOSCs
and OFETs. A high PCE of 4.16%, with a hole mobility
of 7.6 x 107> ecm? V~! s~ " and on/off ratio of 5 x 10°, were
observed, indicating that the planar semiconductor showed
better performance than did a similar molecule, (TPA-
[DTS(BTThs)];, with a tilted star-shaped structure. The
superior performance of the planar molecule probably re-
sulted from the efficient intermolecular 7—z packing inter-
actions and the consequent enhanced hole mobility. The
findings of our study can be an important guide for the
development of novel materials for use in efficient
solution-processed SMOSCs and OFETs.
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