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ABSTRACT: Three amino-containing small-molecule organic materials— A H i
biuret, dicyandiamide (DCDA), and urea—were successfully applied as . Biumt ﬁ‘?'""ﬁ"o s
novel cathode buffer layers (CBLs) in P3BHT:PCBM bulk heterojunction —— | R
polymer solar cells (BHJ-PSCs) for the first time, resulting in obvious . A Dicymmaiamide - Ml
efficiency enhancement. Under the optimized condition, the power .o i S L"”*
conversion efficiencies (PCEs) of the CBL-incorporated BHJ-PSC devices [ . @ 2
are 3.84%, 4.25%, and 4.39% for biuret, DCDA, and urea, which are Glass o e
enhanced by ~15%, ~27%, and ~31%, respectively, compared to the s ; = pi ~
reference poly(3-hexylthiophene-2,5-diyl) : [6,6]-phenyl-Cq;-butyric acid Enancementatio %)

methyl ester (P3HT:PCBM) BHJ-PSC device without any CBL. The

efficiency enhancement is primarily attributed to the increases of both short-circuit current density (J,.) and fill factor (FF), for
which the enhancement ratio is found to be sensitively dependent on the molecular structure of small-molecule organic materials.
The surface morphologies and surface potential changes of the CBL-incorporated P3HT:PCBM photoactive layers were studied
by atomic force microscopy and scanning Kelvin probe microscopy, respectively, suggesting the formation of an interfacial dipole
layer between the photoactive layer and Al cathode, which may decrease the energy level offset between the work function of Al
and the lowest unoccipoed molecular orbital level (LUMO) of the PCBM acceptor and consequently facilitate electron
extraction by the Al cathode. The difference in the enhancement effect of biuret, DCDA, and urea is due to their difference on
the work function matching with P3HT:PCBM. Besides, the coordination interaction between the lone-pair electrons on the N
atoms of the amino (—NH,) group and the Al atoms may prohibit interaction between Al and the thiophene rings of P3HT,
contributing to the efficiency enhancement of the CBL-incorporated devices as well. In this sense, the different CBL performance
of biuret, DCDA, and urea is also proposed to partially originate from the differences on their chemical structure, specifically the
number of amino groups.
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H INTRODUCTION des, has been demonstrated to be so crucial that such interfaces
Polymer solar cells (PSCs) have been attracting considerable Pk’t‘y i_ de'igzr;inative role in efficient charge transport and
extraction.

attention as promising renewable energy sources owing to their
unique advantages of light-weight, low-cost, high-flexibility, and
easy roll-to-roll fabrication.' ™ Until now, a bulk heterojunction
(BHJ) structure has been popularly used as the most efficient
configuration of PSCs, for which an interpenetrating network of
a conjugated polymer donor like poly(3-hexylthiophene-2,5-

For the extensively studied P3HT:PCBM BHJ-PSCs, it is
well-known that there is an energy level offset of ca. 0.3 eV
between the work function of Al (4.3 eV) and the lowest
unoccupied molecular level (LUMO) level of the PCBM
acceptor (4.0 eV), resulting in unfavorable electron extraction

diyl) (P3HT) and a soluble fullerene acceptor material such as due to charge accumulation and consequently a recombination
[6,6]phenyl-Cg,-butyric acid methyl ester (PCBM) exists in the loss of charge carriers.'®*"'7722 Therefore, to decrease such an
photoactive layer.'”'" Owing to the recent advances in the energy level offset is of high importance for optimization of the
synthesis of novel polymer donors, nanoscale morphology electrical contact between the active layer and cathode.>*™2°
control, and device structure optimization, a power conversion Cathode buffer layers (CBLs) thus introduced between the
efficiency (PCE) approaching 10% has been achieved for active layer and cathode have been extensively investigated
solution-processable state-of-the-art BHJ-PSCs, which needs to

be improved further to meet the requirement for commercial Received: January 2, 2014
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recently and demonstrated to improve the cathode efficiency in
collecting and extracting electrons, and this is typically fulfilled
by inducing interfacial charge redistribution, geometry mod-
ifications, and/or chemical reactions.'”™*! Following the
pioneering work applying the low work function metal Ca as
an efficient CBL, which, however, suffers from poor stability
because the thermally deposited Ca buffer layer is quite
reactive,”” up to now the reported CBL materials have been
extended to other low-work-function metals such as Ba,? alkali-
metal compounds such as LiF,”**’ metal oxides such as
TiOx,‘?’O’31 and organic materials including surfactants,>?
conju§ated or nonconjugated polymers,>>** and small mole-
cules.”>*™* Among them, the latter approach is more facile
because the incorporation of organic materials can be
accomplished by solution processing. In particular, small-
molecule organic material is more readily available than
polymers and advantageous in terms of its certain molecular
weight and assembly structure. So far, few studies on using
small-molecule organic materials as CBLs have been reported.
For instance, Deng et al. studied the effect of several small-
molecule electron-transporting materials, 2-(4-biphenyl)-S-(4-
tert-butylphenyl)-1,3,4-oxidiazole (PBD), tris(8-hydroxyquino-
linato)aluminum (Alq;), and bis[2-(2-benzothiazoly)-
phenolato]zinc(II) [Zn(BTZ),], which were incorporated via
thermal evaporation, on the performance of P3HT:PCBM
PSCs and found that the insertion of electron-transporting
layers improved the open-circuit voltage (V,.) and PCE owing
to the increased built-in potential at the interface between the
photovoltaic active layer and Al electrode.®® Ma et al.
synthesized a new alcohol-soluble electron-transporting materi-
al, 4,7-diphenyl-1,10-phenanthroline-2,9-dicarboxylic acid
(DPPA), which was used to modify ZnO, and then
incorporated it into inverted P3HT:PCBM PSCs as the
electron-transporting layer, resulting in an enhancement of
about 10% compared with the device without DPPA.
Moreover, DPPA was also used as the sole electron-extracting
layer, affording PCE enhancement as well because of the
improved interfacial contact between the substrate and active
layer.”® Li et al. applied a solution-processable titanium chelate,
titanium diisopropoxide bis(2,4-pentanedionate) (TIPD), as
the CBL in both normal-structure poly[2-methoxy-S-(2'-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV):PCBM
and inverted-structure poly[4,8-bis(alkyloxy)benzo[1,2-b:4,5-
b’]dithiophene-2,6-diyl-alt-(alkylthieno[ 3,4-b]thiophene-2-car-
boxylate)-2,6-diyl] (PBDTTT-C):PC,;BM PSCs, achieving
PCE enhancement of 51.8% and 16%, respectively.**>” More
recently, the same group developed several new functionalized
fullerene derivatives, namely, [6,6]phenyl-Cg-butyric acid 2-
[[2-(dimethylamino)ethyl](methyl)amino]ethyl ester
(PCBDAN), [6,6]phenyl-Cg4,-butyric acid 2-[[2-
(trimethylammonium)ethyl] (dimethyl)ammonium] ethyl ester
diiodonium (PCBDANI), and an amine group functionalized
fullerene derivative DMAPA-Cy,, as CBLs being universally
applicable in PSCs based on different photoactive layers and
thus promising in replacing the unstable Ca buffer layer in
PSCs.>*

Herein, we report for the first time the application of several
small-molecule organic materials containing amino (—NH,)
groups as novel CBLs in P3HT:PCBM BHJ-PSCs, leading to
obvious efficiency enhancement. Three amino-containing
small-molecule organic materials with different numbers and
bonding environments of the amino groups, including biuret,
dicyandiamide (DCDA), and urea, were studied, and their
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effect toward the efficiency enhancement of PSCs was
compared, revealing the role of the amino group on the
performance of these small-molecule organic compounds as
CBLs.

B EXPERIMENTAL SECTION

Materials. The indium tin oxide (ITO) glass substrate with a sheet
resistance of 8 Q ]~ was purchased from Shenzhen Nan Bo Group,
China. Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS; Baytron P) was purchased from SCM Industrial
Chemical Co., Ltd. P3HT and PCBM were bought from
Luminescence Techology Corp. and Nichem Fine Technology Co.,
Ltd., respectively. Biuret (C,H3N;0,, >99.0%), dicyandiamide
(DCDA; C,H,N,, >98.0%), and urea (CH,N,O, >99.0%) were
purchased from Sinopharm Chemical Reagent Co., Ltd. All chemicals
were used as received without further purification.

Device Fabrication. Our detailed fabrication procedure of the
P3HT:PCBM BHJ-PSCs has been reported previously.’>>**0~*
Briefly, a thin film (~3S nm thick) of PEDOT:PSS (Baytron P) was
spin-coated onto the cleaned ITO-coated substrate treated by ozone—
ultraviolet and then annealed at 120 °C for 30 min. The P3HT:PCBM
(1:0.8, w/w) blend was dissolved in chlorobenzene by stirring at 40 °C
overnight. This blend solution was spin-coated on top of the
PEDOT:PSS film to form a thin active layer (~80 nm thick). Biuret,
DCDA, and urea were dissolved in methanol (MeOH) to form
different CBL solutions with different concentrations (0.5, 1.0, and 1.5
mg mL™'), which were directly spin-coated on top of the
P3HT:PCBM active layers at different spin-coating speeds of 1000,
3000, and 5000 rpm; accordingly, the condition for CBL incorporation
was optimized. All of the solution processes were carried out in an air
atmosphere. Then the device was transferred into a vacuum chamber
(~107° Torr), and an Al cathode (~100 nm thick) was thermally
deposited atop the CBL through a shadow mask to define the active
area of the devices (2 X 5 mm?). Finally, thermal annealing was carried
out at 135 °C for 10 min under a nitrogen atmosphere.

Measurements and Characterization. The current density—
voltage (J—V) characterization of BHJ-PSCs was carried out by using a
Keithley 2400 source measurement unit under simulated AM 1.5
irradiation (100 mW cm™2) with a standard xenon-lamp-based solar
simulator (Oriel Sol 3A, USA). The solar simulator illumination
intensity was calibrated by a monocrystalline silicon reference cell
(Oriel P/N 91150 V, with KG-S visible color filter) calibrated by the
National Renewable Energy Laboratory (NREL). All of the measure-
ments were carried out in air, and a mask with a well-defined area size
of 10.0 mm?® was attached to the cell to define the effective area in
order to ensure accurate measurement. More than 10 devices were
fabricated and measured independently under each experimental
condition to ensure the consistency of the data. The average data were
used in the following discussions.

Atomic force microscopy (AFM) measurements were carried out on
a Veeco DI-MultiMode V scanning probe microscope in tapping
mode. The thickness of the CBL was estimated by a Veeco DI-Innova
scanning probe microscope by using a sharp blade to generate ~10-
pum-wide cuts in the layer. Scanning Kelvin probe microscopy (SKPM)
measurements were performed on a Park XE-120 scanning probe
microscope using SKPM mode. Samples were treated by a nitrogen
flow for 20 min to remove air prior to the measurement and then
measured in a nitrogen atmosphere. A standard HOPG measurement
was done as a reference prior to the measurement of each sample in
order to avoid the possible variations resulting from the tip and
atmosphere.

B RESULTS AND DISCUSSION

Optimization of Biuret Incorporation as the CBL and
Performance of Biuret-Incorporated P3HT:PCBM BHJ-
PSC Devices. It is known that the thickness of the CBL plays
an important role in its performance in BHJ-PSCs.”>**? 45,46
We first optimized the thickness of the biuret CBL by adjusting
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the solution concentration and spin-coating speed of the biuret
that was incorporated between the P3HT:PCBM active layer
and Al cathode (see Scheme 1). Different biuret solutions in

Scheme 1. Device Architecture of ITO/PEDOT:PSS/
P3HT:PCBM/CBL/Al BHJ-PSCs with the Incorporation of
Different CBLs (Biuret, DCDA, or Urea) Incorporated via
Spin Coating
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MeOH with concentrations of 0.5, 1.0, and 1.5 mg mL™" were
spin-coated on top of the P3HT:PCBM active layers at a fixed
spin-coating speed of 3000 rpm. The as-prepared ITO/
PEDOT:PSS/P3HT:PCBM/biuret/Al devices are annealed
and measured under simulated AM 1.5 irradiation (100 mW
cm™?) in an air atmosphere. Figure 1 compares the J—V curves
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Figure 1. -V curves of the ITO/PEDOT:PSS/P3HT:PCBM/biuret/
Al BHJ-PSCs with a biuret CBL prepared from different
concentrations (0.5, 1.0, and 1.5 mg mL™', denoted as biuret-0.5,
biuret-1.0, and biuret-1.5, respectively) and without a biuret buffer
layer (reference). The measurements are carried out under AM 1.§

illumination at an irradiation intensity of 100 mW cm™2.

of devices fabricated at different biuret concentrations
(abbreviated as biuret-0.5, biuret-1.0, and biuret-1.5), and the
measured parameters [short-circuit current (J,.), open-circuit
voltage (V,.), fill factor (FF), PCE, series resistance (R;), and
shunt resistance (Ry,)] based on the average of more than 10
devices fabricated independently under each experimental
condition are summarized in Table 1. Compared to the
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reference ITO/PEDOT:PSS/P3HT:PCBM/Al device (refer-
ence) without any CBL, which exhibits a PCE of 3.29%,
obviously our biuret-CBL-incorporated devices with relatively
high biuret concentrations (biuret-1.0 and biuret-1.5) both
exhibit enhancements in PCEs, whereas the device incorpo-
rated with a biuret CBL prepared from lower concentration
(0.5 mg mL™", biuret-0.5) shows a PCE comparable to that of
the reference device by considering the measurement error.
The highest PCE is 3.78% achieved for the device biuret-1.0
prepared from a biuret concentration of 1.0 mg mL™", which is
enhanced by ca. 15% compared to that of the reference
P3HT:PCBM device. Upon an increase of the biuret
concentration to 1.5 mg mL™!, PCE decreases to 3.49%,
which still has a ca. 6% enhancement compared to that of the
reference P3HT:PCBM device (see Table 1). Different
concentrations of biuret solution spin-coated at the same
spin-coating speed resulted in different thicknesses of the
biuret; thus, different enhancement performances of a biuret
CBL were obtained.

The spin-coating speed is another determinative parameter
for the thickness of the film. We next optimize the thickness of
a biuret CBL by varying the spin-coating speed (1000, 3000,
and 5000 rpm, denoted as biuret-1000, biuret-3000, and biuret-
5000, respectively) of a biuret solution with a concentration of
1.0 mg mL™" optimized above, and J—V curves are illustrated in
Figure 2. According to the measured photovoltaic parameters
(Table 2), all devices incorporated with a biuret CBL exhibit
enhanced PCEs compared to the reference P3HT:PCBM
device (3.31%). With an increase of the spin-coating speed of
the biuret from 1000 to 3000 rpm, PCE of the biuret-
incorporated devices increases dramatically (3.45% and 3.72%
for biuret-1000 and biuret-3000, respectively), and then PCE
decreases to 3.51% with a further increase of the spin-coating
speed to 5000 rpm (see Table 2). Accordingly, the optimum
spin-coating speed of a biuret CBL is determined to be 3000
rpm, under which the biuret-incorporated device exhibits the
maximum PCE of 3.72% with a ca. 13% enhancement
compared to that of the reference P3HT:PCBM device.

Performance of P3HT:PCBM BHJ-PSC Devices Incor-
porated with DCDA and Urea as CBLs. Given that the
effect of a biuret as a CBL has been revealed, two other amino-
containing small-molecule organic materials, including DCDA
and urea, were then used as CBLs as well for a comparative
study in order to study the influence of the molecular structure
on the performance of these amino-containing compounds as
CBLs. Similar optimization experiments were carried out for
the cases of using DCDA and urea as CBLs, revealing that the
optimum solution concentration (1.0 mg mL™" in MeOH) and
spin-coating speed (3000 rpm) for both cases are the same as
those for a biuret CBL (see the Supporting Information, section
S1). Because biuret, DCDA, and urea CBLs are insulating
organic materials, a thicker CBL may block charge transfer from
the photoactive layer to the metal cathode, whereas a thinner
CBL may not fully cover the surface of the photoactive layer,
resulting in direct contact with the Al cathode. Under such
optimum conditions, the thicknesses of the biuret, DCDA, and
urea films estimated by AFM measurement are ca. 3, 2, and 2
nm, respectively, as discussed further below (see the Supporting
Information, Figure S3).

Figure 3 compares the J—V curves of ITO/PEDOT:PSS/
P3HT:PCBM/CBL/Al BHJ-PSC devices incorporated with
different CBLs including biuret, DCDA, and urea fabricated
under identical conditions (curves b—d) and that of the

dx.doi.org/10.1021/am500013s | ACS Appl. Mater. Interfaces 2014, 6, 4329—4337
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Table 1. Photovoltaic Parameters of ITO/PEDOT:PSS/P3HT:PCBM/Biuret/Al BHJ-PSCs with Biuret CBLs Prepared from

Different Concentrations®

device conen (mg mL™") V. (V) Joc (mA cm™)
reference 0.64 + 0.003 9.30 + 0.21
biuret-0.5 0.5 0.64 + 0.005 9.25 + 0.13
biuret-1.0 1.0 0.63 + 0.005 10.28 + 0.20
biuret-1.5 1.5 0.63 + 0.005 10.26 + 0.14

FF (%) PCE (%) APCE? (%) R, (Q cm?) Ry, (Q cm?)
5542 329 + 0.14 11.7 380.6
55+1 328 + 0.11 -0.3 10.9 356.4
58+1 3.78 + 0.06 15 9.4 559.1
54+ 1 3.49 + 0.09 6 9.5 293.0

“The spin-coating speed is fixed at 3000 rpm. PAPCE is the enhancement of PCE relative to the reference PSHT:PCBM BH]J-PSCs.
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Figure 2. -V curves of the ITO/PEDOT:PSS/P3HT:PCBM/biuret/
Al BHJ-PSCs with a biuret CBL prepared at different spin-coating
speeds (1000, 3000, and SO00 rpm, denoted as biuret-1000, biuret-
3000, and biuret-S000, respectively) and without a biuret buffer layer
(reference).

reference device (curve a). According to the measured
photovoltaic parameters (Table 3), PCEs of devices incorpo-
rated with CBLs are all dramatically higher than that of the
reference P3HT:PCBM device (3.35%), while evidently the
enhancement effect is sensitively dependent on the CBL
material. In order to unveil the factors responsible for the
enhanced PCE with the incorporation of different CBLs, we
plotted the dependence of the enhancement ratio of each
parameter determining PCE (including V,,, J,, and FF) on the
CBL material in Figure 4. Clearly, V. of different devices
remains almost constant (0.63—0.65 V) compared to that of
the reference P3BHT:PCBM device, whereas both J,. and FF are
obviously higher than that of the reference device: J,. of the
CBL-incorporated device increases dramatically by 13%, 11%,
and 15% for the cases of biuret, DCDA, and urea, respectively
[from 9.21 mA cm ™ (reference) to 10.39 mA cm™ (biuret),
10.25 mA cm™> (DCDA), and 10.63 mA cm ™ (urea)], while
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Figure 3. J-V curves of the ITO/PEDOT:PSS/P3HT:PCBM/CBL/
Al BHJ-PSCs with biuret (b), DCDA (c), urea (d), and MeOH (e)
CBLs and without any CBL (reference, a).

FF values obtained from devices incorporated with biuret,
DCDA, and urea are 58%, 63%, and 64%, respectively, all
higher than that of the reference device (57%). Consequently,
the measured PCEs of devices incorporated with biuret,
DCDA, and urea are 3.84%, 4.25%, and 4.39%, respectively,
which are enhanced by 15%, 27%, and 31%, respectively,
compared to that of the reference device (3.35%). Furthermore,
it has been reported that MeOH itself can play a role of CBL,
leading to the efficiency enhancement of thieno[3,4-b]-
thiophene/benzodithiophene (PTB7):[6,6]phenyl-C,,-butyric
acid methyl ester (PC,;BM) BHJ-PSC devices with increased
built-in voltage owing to passivation of surface traps and an
increase in the surface charge density.*” Thus, for a more
accurate evaluation of the effect of our novel CBLs (biuret,
DCDA and urea), the influence of MeOH as solvent dissolving
the CBL material should be considered. Accordingly, MeOH
was spin-coated onto the P3HT:PCBM photoactive layer at the

Table 2. Photovoltaic Parameters of ITO/PEDOT:PSS/P3HT:PCBM/Biuret/Al BHJ-PSCs with Biuret CBLs Prepared at

Different Spin-Coating Speeds®

device spin-coating speed (rpm) V. (V) Joe (mA cm™)
reference” 0.64 + 0.004 9.46 + 0.16
biuret-1000 1000 0.63 + 0.005 9.47 + 0.09
biuret-3000 3000 0.64 + 0.003 10.11 + 0.28
biuret-S000 5000 0.63 + 0.004 9.45 + 0.16

FF (%) PCE (%) APCE® (%) R, (Q cm?) Ry (Q cm?)
54 +2 331 +0.12 12.3 350.8
58+ 1 3.45 + 0.07 4 10.3 503.8
S8+ 1 3.72 + 0.12 13 10.6 464.0
59 +1 3.51 + 0.10 6 10.3 549.1

“The concentration of a biuret solution in MeOH is fixed at 1.0 mg mL™". “Variation of the PCEs for the reference and biuret-3000 devices
compared to those listed in Table 1 is due to the slight difference among different batches of devices and the measurement error. “APCE is the
enhancement of PCE relative to the reference P3HT:PCBM BHJ-PSCs.
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Table 3. Photovoltaic Parameters of the ITO/PEDOT:PSS/P3HT:PCBM/CBL/Al BHJ-PSCs with Different CBLs"

device V.. (V) Joe (mA cm™) FF (%)
reference” 0.63 + 0.005 9.21 + 0.18 57 +2
biuret 0.63 + 0.005 10.39 + 0.28 S8 +1
DCDA 0.65 + 0.004 10.25 + 0.42 63 +2
urea 0.64 + 0.003 10.63 + 0.27 64 + 1
MeOH 0.64 + 0.004 9.02 + 0.14 61 +1

PCE (%) APCE® R, (Q cm?) Ry, (Q cm?)
3.35 + 0.12 10.3 501.6
3.84 + 0.12 15 8.7 579.4
425 +0.13 27 8.0 647.8
439 + 0.14 31 7.5 755.2
3.53 + 0.06 5 8.7 620.7

“The concentration of the CBL solution in MeOH is fixed at 1.0 mg mL ™", and the spin-coating speed is fixed at 3000 rpm. YVariation of the PCEs
for the reference and other devices compared to those listed in Tables 1, 2, and S1—S4 in the Supporting Information is due to the slight difference
among different batches of devices and the measurement error. “APCE is the enhancement of PCE relative to the reference PBHT:PCBM BHJ-

PSCs.
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Figure 4. Enhancement ratio of the photovoltaic parameters of
P3HT:PCBM BHJ-PSCs with different CBLs of biuret (a), DCDA
(b), urea (c), and MeOH (d).

same spin-coating speed (3000 rpm) to that used for CBLs, and
the resulting device (curve e) shows only a slight enhancement
on PCE (from 3.35% to 3.53%). This result confirms that the
efficiency enhancement of CBL-incorporated devices is indeed
attributed primarily to the CBL materials (biuret, DCDA and
urea).

Surface Morphologies of P3HT:PCBM/CBL Bilayer
Films and Thicknesses of CBL Layers. Surface morpholo-
gies of the P3HT:PCBM active layer films with and without
CBLs were studied by AFM in tapping mode (Figure S). The
surface morphology of the reference P3HT:PCBM film (image
a) shows an interpenetrating network of P3HT and PCBM
with clear P3HT- and PCBM-rich domains because of their
microphase separation behavior, and the film surface is quite
smooth with a root-mean-square (RMS) roughness of around
0.8 nm. After the incorporation of CBLs prepared under the
optimum spin-coating condition, the domain feature of
P3HT:PCBM microphase separation became less discernible,
and a negligible difference in the surface morphology and
roughness is observed (images b—d), indicating that the CBLs
only slightly affect the morphology of the P3HT:PCBM
photoactive film. Besides, the surface morphologies of different
CBL-incorporated films look quite similar, and this is
understandable because the CBL layer is so thin that its
influence on the morphology of the underneath P3HT:PCBM
active layer is negligible.
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Because the rms roughness of the P3HT:PCBM active layer
is quite small and expected to be smaller than the thickness of
the CBL, it is possible to estimate the thickness of the CBL
atop the P3BHT:PCBM active layer directly by AFM, which is
obtained by subtracting the sum thickness of the PEDOT:PSS/
P3HT:PCBM/CBL layer with that of the PEDOT:PSS/
P3HT:PCBM layer (see the Supporting Information, Figure
S3). Accordingly, the thicknesses of the CBLs are estimated to
be 3, 2, and 2 nm for biuret, DCDA, and urea, respectively.
With such a small thickness of CBL resulting from the
optimized spin-coating condition, the highest efliciency
enhancement of the P3HT:PCBM BHJ-PSCs was achieved;
otherwise, a thicker CBL prepared from a higher solution
concentration or lower spin-coating speed would prohibit
electron transport from the active layer to the Al cathode
because these CBL materials are insulating, and a thinner CBL
would be inferior for its effect on the electron collection as
discussed below. In both unoptimized cases, the efficiency
enhancement of the P3HT:PCBM BHJ-PSCs upon CBL
incorporation is much lower, as revealed above.

Effect of Amino-Containing CBLs on the Efficiency
Enhancement of P3HT:PCBM BHJ-PSCs. It is well-known
that the electrode materials and the interfaces of donor
(acceptor)/electrodes in BHJ-PSC devices are crucial to the
charge collection efficiency. Because electron extraction occurs
between the interface of the active layer and cathode, ideally the
maximum efficiency of electron extraction can be achieved
when the work function of the cathode is aligned with the
LUMO level of the acceptor in order to form ohmic contact.
However, there is an energy level offset (0.3 eV) between the
work function of Al (4.3 eV) and the LUMO level of the
PCBM acceptor (4.0 eV) (see Scheme 2), resulting in
unfavorable electron extraction.'®*”~2* Furthermore, it has
been revealed that the strong interaction between Al and the
thiophene rings of P3HT may disrupt conjugation of the P3HT
main chain, prohibiting efficient hole transport in the donor
phase.*®** Versatile CBL materials such as LiF, poly(ethylene
oxide), poly[(9,9-bis(3’-N,N-dimethylamino)propyl)-2,7-fluo-
rene]-alt-2,7-(9,9-dioctyfluorene)] (PFN), and poly-
(vinylpyrrolidone) (PVP) have been successfully applied
toward optimization of the interface between the PCBM
acceptor and Al cathode, and the effect of the CBL was fulfilled
through facilitation of electron extraction by means of inducing
interfacial charge redistribution, §eometw modifications, and/
or chemical reactions.**>*" %3

As discussed above, the efficiency enhancement with the
incorporation of CBLs of biuret, DCDA, and urea is mainly due
to the synergetic enhancement of both J,. and FF. Generally, J,.
is dependent on not only the multiplication of the photo-
induced charge-carrier density and the charge-carrier mobility
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Figure 5. AFM images (S ym X S ym) of P3HT:PCBM photoactive films without CBL (a) and with different CBLs of biuret (b), DCDA (c), and

urea (d).

Scheme 2. Energy Level Diagram of ITO/PEDOT:PSS/
P3HT:PCBM/CBL/Al BHJ-PSC Devices with the
Incorporation of Different CBLs of Biuret, DCDA, and Urea
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within the active material but also the interface properties
between the active layers and electrodes, whereas FF is
determined by charge carriers reaching the electrodes, when the
built-in field is lowered toward the open-circuit voltage.'™>**
Therefore, the enhancement of both J,. and FF upon the
incorporation of CBLs might arise from the strong influence of
the CBL on the P3HT:PCBM photoactive layer/Al electrode
interface. Indeed, the three amino-containing small-molecule
organic materials—biuret, DCDA, and urea—have relatively
large dipole moments of 3.27, 6.76, and 6.96 D, respec-
tively,”°~>* and this feature makes the formation of a dipole
layer via self-assembly possible. Such an assumption was
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experimentally confirmed by SKPM measurements, which have
been recently used to probe an interfacial dipole induced by
CBL for BHJ-PSCs and from which the direction of the dipole
moment can be simply deduced from the value of the surface
potential change upon the incorporation of CBLs.****** The
surface potential images of P3HT:PCBM active films with and
without different CBLs are shown in Figure 6, and the detailed
analysis of the surface potential value is given in the Supporting
Information, section S3. Clearly, the surface potential over the
entire film is uniform for all cases, and the surface potential is
sensitively dependent on the CBL material. Compared to the
reference P3HT:PCBM active film, which shows a surface
potential of 81 mV, the surface potentials of CBL-incorporated
films are 158, 183, and 198 mV for biuret, DCDA, and urea,
which are 77, 102, and 117 mV more positive than that of the
reference P3HT:PCBM film, respectively (see the Supporting
Information, section S4). Similar to the cases reported for PEN
and PVP as CBLs for BHJ-PSCs, the positive shifts of the
surface potential with the incorporation of CBLs (biuret,
DCDA, and urea) compared to the reference P3HT:PCBM
film suggest that CBLs induce microscopic electric dipole
moments for which the positive charge end points toward the
Al electrode while the negative charge end points to the
P3HT:PCBM layer.”***** Such CBL-induced dipole moments
may decrease effectively the energy level offset between the
work function of Al and the LUMO level of the PCBM
acceptor, as discussed further below, and consequently lead to
an improved P3HT:PCBM photoactive layer/Al electrode
interface more favorable for electron extraction. This proposed
mechanism is strongly supported by our experimental finding
that the synergetic enhancement of both J,. and FF, which are
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Figure 6. Surface potential images (S ym X S ym) of PBHT:PCBM photoactive films without CBL (a) and with different CBLs of biuret (b), DCDA
(c), and urea (d). The inset images (1 gm X 1 um) are the surface potential images of HOPG, which were measured prior to the sample

measurement to ensure accuracy, eliminating the influence of the tip.

sensitively dependent on the P3HT:PCBM photoactive layer/
Al electrode interface, primarily contribute to enhancement of
the PCE of the CBL-incorporated devices.

In order to understand the difference in the enhancement
effect of different CBL materials, we estimated the work
functions of biuret, DCDA, and urea based on the surface
potential values measured by SKPM.>****3* Taking 4.6 eV as
the work function of highly oriented pyrolytic graphite
(HOPG), which was typically used as the reference of SKPM
measurements,>> the work functions of biuret, DCDA, and urea
are estimated to be 4.44, 4.42, and 4.40 eV, respectively (see
Scheme 2 and the Supporting Information, section S3). Clearly,
among these three CBL materials, the work functions of urea
(440 eV) and DCDA (442 eV) show better matching with
that of the P3HT:PCBM reference compared to biuret with a
work function of 4.44 eV (see Scheme 2). This result is in good
agreement with our experimental finding that the enhancement
effects of urea and DCDA CBLs are superior to that of biuret.

For the reference PZHT:PCBM BHJ-PSCs without any CBL,
it has been revealed that the strong chemical reaction between
Al and the thiophene rings of P3HT may occur, which would
disrupt conjugation of the P3HT main chain, prohibiting
efficient hole transport in the donor phase.**** Upon the
incorporation of amino-containing CBLs of biuret, DCDA, and
urea between the P3HT:PCBM active layer and Al cathode, the
strong coordination ability of the amino (—NH,) group within
the amino-containing CBL materials would lead to the
coordination interaction between the lone-pair electrons on
the N atoms of the amino group and the Al atoms, thus
prohibiting interaction between Al and the thiophene rings of
P3HT. Such a protection effect of CBL has been proposed in
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other CBL materials such as PEG and PVP****%” and is
proposed to partially contribute to the efficiency enhancement
of our amino-containing CBL-incorporated devices as well.
Thus, the role of the amino group on the performance of
biuret, DCDA, and urea as CBLs is revealed, and the different
CBL performances of biuret, DCDA, and urea should
presumably originate from the differences in their chemical
structure, specifically the number of amino groups. Although
biuret and urea both have two amino groups, the dipole
moment of urea (6.96 D) is much larger than that of biuret
(327 D),***® facilitating formation of a dipole layer via self-
assembly. A further study on the correlation between the
molecular structure and CBL performance of such small-
molecule organic materials is underway in our laboratories.

B CONCLUSIONS

In summary, for the first time we successfully applied three
amino-containing small-molecule organic materials including
biuret, DCDA, and urea as novel CBLs in P3HT:PCBM BHJ-
PSCs via simple spin-coating. Under the optimum solution
concentration (1.0 mg mL™" in MeOH) and spin-coating speed
(3000 rpm) affording optimum thicknesses of 3, 2, and 2 nm
for biuret, DCDA, and urea, respectively, the incorporation of
CBLs leads to the dramatic enhancement of the device
efficiency by ~15%, ~27%, and ~31% for biuret, DCDA, and
urea, respectively. The efficiency enhancement is primarily
attributed to the increases of both J,. and FF, suggesting
improved electron extraction upon the incorporation of CBLs.
The effect of amino-containing CBLs on the efliciency
enhancement is interpreted by the conjunct effects of the
formation of a dipole layer between the P3HT:PCBM active

dx.doi.org/10.1021/am500013s | ACS Appl. Mater. Interfaces 2014, 6, 4329—4337



ACS Applied Materials & Interfaces

Research Article

layer and Al electrode, which decreases effectively the energy
level offset between the work function of Al and the LUMO
level of the PCBM acceptor, and the coordination interaction
between the lone-pair electrons on the N atoms of the amino
group with the Al atoms, which prohibits interaction between
Al and the thiophene rings of P3HT. The latter effect may
account for the dependence of the CBL performance of biuret,
DCDA, and urea on its chemical structure, specifically the
number of amino groups. As the first successful and facile
application of amino-containing small-molecule organic materi-
als in PSCs, this study provides new insight into the role of the
interfacial layer and paves the way for interface engineering in
PSCs.
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Optimization of devices incorporated with DCDA and urea
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