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d polyetheramines, Jeffamines, as
efficient cathode interfacial layers for organic
photovoltaics providing power conversion
efficiencies up to 9.1%†

Bing-Huang Jiang, Ya-Juan Peng and Chih-Ping Chen *

In this study, we have found that interfacial layers (IFLs) based on Jeffamines (industrial polyetheramine

derivatives) can improve the performance of organic photovoltaics (OPVs). We evaluated four different

Jeffamines (average molecular weight: 2000 g mol�1)—M2005, M2070, D2000, and ED2003—having

either a monoamine or diamine structure and various ratios of propylene oxide (PO) and ethylene oxide

(EO) for their suitability as IF materials for OPV applications. The presence of the Jeffamine altered the

work function of ZnO and improved the electron transport, thereby causing the ZnO layers to function

more efficiently as electron-selective electrodes. The power conversion efficiencies (PCEs) of inverted

devices having the layered configuration glass/indium tin oxide (ITO)/ZnO (with or without the Jeffamine)/

PTB7:PC71BM/MoO3/Ag increased from 8.1 � 0.11 to 8.6 � 0.37% when containing the Jeffamine-D2000

under illumination with AM 1.5G solar light (1000 W m�2), the result of a significantly increased fill factor

(FF). The greatest OPV performance was that of the device incorporating Jeffamine-D2000—a PCE of 9.1%

and a remarkable FF of 74.2%.
Introduction

Great efforts have been exerted in the development of roll-to-roll,
low energy consumption, cost-effective organic photovoltaics
(OPVs) as promising alternatives to traditional PVs for certain
applications.1–5 Advances in materials development and device
engineering have led to the power conversion efficiencies (PCEs) of
bulk-heterojunction (BHJ) OPVs reaching 12%.6–14 Interfacial (IF)
layers play a signicant and unique role in the enhanced perfor-
mance of OPVs.15–18 Many IF materials have been tested success-
fully, including self-assembled layers,19 polyelectrolytes,20–22 non-
conjugated organic materials7 [e.g., polyethylenimines (PEIs) and
their ethoxylated derivatives (PEIEs)],23,24 and organic and inor-
ganic hybrid materials.25–27 Several mechanisms have been
proposed to explain how IFLs improve the performance of OPVs;
for example, by suppressing carrier recombination,28 improving
charge extraction tominimize series resistance,29 altering the work
function (built-in dipole) to facilitate efficient energy level pinning
for high-performance carrier extraction,30,31 smoothening the
surface of ZnO,32 and changing the BHJ morphology of the active
layers33 for efficient charge transfer and transportation (well-
dened nanoscale phase segregation or a gradient distribution
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of the donor/acceptor morphology for enhanced carrier trans-
port).24 The most studied cathode modifying layers, PEIs and
PEIEs, form efficient interface dipoles on the cathode and, hence,
change the work function (WF) of the electron transporting layer
(ETL) or cathode, thereby improving carrier extraction.34,35

In this study, we evaluated four Jeffamines [average molecular
weight (MW): 2000 g mol�1]—M2005, M2070, D2000 and
ED2003, having monoamine or diamine structures and various
ratios of propylene oxide (PO) and ethylene oxide (EO)—for their
suitability for use as efficient cathode-modifying layers for OPV
applications (Fig. 1). Jeffamines are polyetheramines that feature
primary amino groups end-capping a polyether backbone.
Because of the wide range of possible MWs, amine functionality,
and types of repeating units, Jeffamines can provide exibility for
specic applications.36More importantly, thesematerials are very
cheap and they are used industrially as additives for polyurethane
Fig. 1 Schematic representation of the OPV device; chemical struc-
tures of the Jeffamines.

This journal is © The Royal Society of Chemistry 2017
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elastomers and foams. Here, we examined Jeffamines as ETL–IF
layers for inverted OPVs and evaluated how their surface prop-
erties (surface energy and morphology) and WFs changed the
morphologies and optoelectronic properties of the BHJ layers
and the performance of their related devices. We studied the
effects of these IFLs on the space-charge limited current (SCLC)
electron mobilities, the active layer morphologies, the mono-
chromatic incident photon-to-electron conversion efficiencies
(IPCEs), and the PCEs of devices incorporating an active layer
comprising a polybenzodithiophene derivative (PTB7) and
a fullerene derivative (PC71BM). We observed an enhancement in
performance from 8.1 � 0.11 to 8.6 � 0.37% when the device
contained the Jeffamine D2000. The highest PCE (9.1%) was
accompanied by a remarkable ll factor (FF) of 74.2%. A key
feature resulting in the high PCEs was the improved electron
extraction [electron mobility increased from 1.24 � 10�8 (�1.86
� 10�9) to 3.06 � 10�8 (�1.07 � 10�9) m2 V�1 s�1], due to
changes in the morphology and in the WFs of ZnO. As noted by
Su and coworkers, only a few OPV devices have been reported
having FFs greater than 74%.28 Varying the intrinsic properties of
the donor or acceptor (high and balanced carrier mobility) and
morphological control (over the blend lm domain sizes, thep–p
stacking distance and direction, the gradient distribution of the
BHJ for selective carrier transport, and IF modication) can have
signicant effects leading to high FFs.28 Our results suggest that
judicious selection of materials in the IF layer can be used to
optimize charge extraction, recombination, and extraction within
OPV devices to ensure high performance and a high FF.37,38
Results and discussion

We prepared ZnO layers on a pre-patterned ITO substrate using
a zinc acetate precursor solution in 2-methoxyethanol (2-ME).
The ZnO lms were annealed at 160 �C for 30 min in air prior to
the deposition of the Jeffamine. Solutions of the Jeffamines were
prepared by dissolving them in 2-ME at a concentration of 0.3
wt%. These solutions were deposited on top of the ZnO layers
through spin-coating (5000 rpm) in air and then the ZnO samples
were dried (100 �C, 10 min) in a glovebox. The surcial status of
the substrate [characterized by the surface energy (gtotal), which is
equal to the sum of dispersive (gdispersive) and polar (gpolar)
components] had signicant effects on the morphology of the
BHJ, the carrier transport, and the related OPV perfor-
mance.24,39,40 We performed contact angle measurements using
distilled H2O and diiodomethane (CH2I2, DIM) as probe liquids39

to calculate the values of gtotal (from the Wu model)40 of the ZnO
surfaces and, thereby, examine the effects of the Jeffamines.
Table 1 Contact angle (q) and surface energy data for the ZnO films

ETL qwater [�] qDIM [�] gpolar [m

ZnO 35.99 36.54 28.72
M2005 40.87 39.83 26.87
M2070 29.45 34.74 31.30
D2000 17.20 39.97 36.28
ED2003 29.26 27.90 30.36

This journal is © The Royal Society of Chemistry 2017
Table 1 lists the values of the components gdispersive and gpolar

and the values of gtotal of the lms of ZnO prepared with and
without the various Jeffamines. The values of gtotal of the as-cast
lms of ZnO, ZnO/M2005, ZnO/M2070, ZnO/D2000, and ZnO/
ED2003 were 70.43, 67.10, 73.79, 76.46, and 75.82 mN m�1,
respectively. The value of gtotal of the ZnO lm was almost
identical to those reported in the literature.40 The values of gtotal
for the Jeffamine-modied ZnO lms varied widely. For the
monoamines M2005 and M2070, the different PO to EO ratios
appeared to affect the surface energy. The high EO ratio ofM2070
resulted in a low value of qwater and higher value of gpolar. The
values of gtotal for the lms embedding the diamine-based Jeff-
amines (D2000 and ED2003) were higher than those featuring the
monoamine Jeffamines. Because the value of gtotal for a surface
affects the deposition behavior of solvents and solutions, it also
determines the quality of the lm that formed. A high value of
gtotal suggestsmore ready adhesion to contactingmaterials.41 The
surface properties of ZnO will affect its optoelectronic properties
as well as the morphology of the active layer and its corre-
sponding OPV performance.40,42 The diamine Jeffamines (D2000
and ED2003) provided larger surface energies, potentially
affecting the wetting properties of the solution of the active layer
and, thereby, altering the morphology of the BHJ layer. Fig. S1†
displays tapping-mode atomic force microscopy (AFM) images of
the ZnO lms. The root mean square (RMS) surface roughnesses
of the ZnO lm and those embeddingM2005, M2070, D2000, and
ED2003 were 2.4, 2.2, 2.6, 2.7, and 3.1 nm, respectively. Thus, the
topographic images of the ZnO lms suggested that the deposi-
tion of the Jeffamines onto the ZnO layers did not signicantly
alter their topographical morphologies.

We fabricated OPV devices having an inverted architecture
with a layer structure: ITO glass/ZnO (with or without a Jeff-
amine)/PTB7:PC71BM/MoO3 (3 nm)/Ag (100 nm).24,43 The ESI†
provides details of their fabrication and the testing conditions.
We denote the standard cell (without the IFLs) as the ZnO device,
and the devices containing the various IFLs as the M2005,
M2070, D2000, and ED2003 devices. Table 2 summarizes the
average and best OPV performances of the devices. The average
values and standard deviations in Table 2 were calculated from
10 cells. The standard ZnO device had a PCE of 8.1 � 0.11%
under AM 1.5G illumination (100mWcm�2), with a value of Jsc of
15.7� 0.33mA cm�2, a value of Voc of 0.72� 0.01 V, and an FF of
71.6 � 2.28%. This PCE is comparable with those of PTB7/
PC71BM devices reported in the literature.44,45 The PCEs of the
devices embedding M2005, M2070, D2000, and ED2003 were 7.8
� 0.18, 7.5 � 0.29, 8.6 � 0.37, and 8.0 � 0.42, respectively. The
highest PCE of 9.1% was observed with a value of Jsc of 16.8 mA
N m�1] gdispersive [mN m�1] gtotal [mN m�1]

41.71 70.43
40.42 67.10
42.49 73.79
40.17 76.46
45.22 75.82
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Table 2 J–V properties of the OPV devices

Devices Jsc (mA cm�2) Voc (V) FF (%) PCE (%) Best PCE (%) Rsh (U cm2) Rs (U cm2)

ZnO 15.7 � 0.33 0.72 � 0.01 71.6 � 2.28 8.1 � 0.11 8.2 1086 � 314 2.0 � 0.2
M2005 15.0 � 0.21 0.73 � 0.01 71.7 � 1.22 7.8 � 0.18 8.0 1438 � 628 1.9 � 0.1
M2070 14.6 � 0.53 0.73 � 0.01 71.2 � 2.29 7.5 � 0.29 7.9 975 � 254 2.0 � 0.1
D2000 15.9 � 0.89 0.73 � 0.01 74.6 � 0.99 8.6 � 0.37 9.1 2118 � 672 1.5 � 0.2
ED2003 15.4 � 0.06 0.73 � 0.01 71.4 � 3.00 8.0 � 0.42 8.3 1040 � 632 2.0 � 0.2
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cm�2, a value of Voc of 0.73 V, and an FF of 74.2% (Fig. 2a, Table
2). Compared with the ZnO device, the PCE for the D2000 device
had increased by 11%. We determined the series (Rs) and shunt
(Rsh) resistances from the respective J–V curves; Table 2 lists the
average values. The values of Rsh and Rs of the normal, M2005,
M2070, D2000, and ED2003 devices were 1086 � 314/2.0 � 0.2,
1438 � 628/1.9 � 0.1, 975 � 254/2.0 � 0.1, 2118 � 672/1.5 � 0.2,
and 1040 � 632/2.0 � 0.2 U cm2, respectively. The values of Rs
values (from 1.5 � 0.2 to 2.0 � 0.2 U cm2) were similar for all of
the devices, suggesting that their interfacial and bulk resistances
were also similar. The previously reported values of Rs for PTB7-
based inverted devices have been between 1.68 and 6.4U cm2.46–48

The value of Rs described herein is among the lowest ever
Fig. 2 (a) I–V characteristics and (b) IPCE responses of OPV devices
prepared with various IFLs.

10426 | J. Mater. Chem. A, 2017, 5, 10424–10429
reported, reecting the high FFs (>71%) of the devices. The
slightly lower value of Rs for the D2000 device is consistent with it
also having the best OPV performance. The value of Rsh typically
correlates with the leakage current and the degree of unwanted
free carrier recombination in a device.7,28,49 The greater value of
Rsh for the D2000 device might be due to its better interfacial
status providing efficient and favorable electron selection and
transport, thereby improving the device properties. Fig. 2b pres-
ents the IPCE responses for the devices. For the PTB7:PC71BM
devices, the response of the IPCEs occurred at wavelengths from
400 to 800 nm. The greatest IPCEs were those for the D2000-
derived device, with a maximum of 76.4% at a wavelength of
620 nm. The values of Jsc of the ZnO, M2005, M2070, D2000, and
ED2003 devices, calculated from the integration of the IPCE
spectra with the AM 1.5G reference spectrum, were 14.2, 13.8,
13.8, 14.6, and 13.9 mA cm�2, respectively; these values have
mismatches of approximately 10% when compared with those
obtained from a solar simulator (Table 2).

Fig. 3 and S2† present AFM images of the BHJ lms deposited
on various ZnO surfaces. The topographical images revealed that
the root mean square (RMS) surface roughnesses of the ZnO-,
M2005-, M2070-, D2000-, and ED2003-derived BHJ blend lms
were 1.25, 1.92, 1.36, 1.91, and 1.25 nm, respectively. These very
small surface roughnesses suggested nanoscale phase segregated
behavior. The AFMphase images of these blend lms revealed that
these active layers displayed well-dened nano-phase segregation,
with a domain size of less than 50 nm and an interpenetration
morphology (Fig. 3 and S2†); this structure is consistent with the
excellent device performance, with average FFs of these devices
being greater than 71% (Table 2). A closer look revealed differences
in the phase images. The enlarged phase images (201 nm � 201
nm) in Fig. 3 feature two phase regions: dark regions representing
fullerene-rich domains and bright domains representing PTB7-
rich phases.24 The blend lm cast on the ZnO featured phase
segregation of the PC71BM-rich phase (domain size: <15 nm) sur-
rounded by a PTB7-rich phase (10–25 nm). The D2000-derived
blend lm exhibited a larger phase separation domain in which
the PC71BM-rich domains having an irregular structure (domain
sizes from several to tens of nanometers) were dispersed within
a 25–40 nm PTB7-rich area. Because the D2000-derived blend lm
formed larger polymer domains, with larger PCBM domains
dispersed well in the polymer matrix, and the D/A domain sizes of
the D2000 lm were within the efficient exciton diffusion length,
this well-dened morphology facilitated the transmission of elec-
trons and holes within the PTB7 and PCBM regions to the corre-
sponding electrodes. In contrast, the possibility of unwanted
carrier recombination was higher for the ZnO blend, due to its
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 AFM topographic (1 mm � 1 mm), phase (1 mm � 1 mm), and enlarge phase images (201 nm � 201 nm) of (a) ZnO- and (b) D2000-derived
blend films.
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smaller D/A domain size; hence, we observed lower values of Rsh
and FF for the ZnO devices.

To understand why embedding D2000 signicantly improved
the FF and the value of Jsc value of the device, we employed SCLC
electron mobility measurements and ultraviolet photoelectron
spectroscopy (UPS) to observe whether or not this IFL changed the
electron mobility or the WF; the electron mobility within the BHJ
layer can be related to the electron extraction performance from
the active layer/ETL interface.16,50,51 We fabricated electron-only
SCLC devices having the conguration ITO/ZnO (with or without
D2000)/PTB7:PC71BM/Ca/Al. The SCLC electron mobilities (aver-
aged from ve to seven devices) of the devices based on ZnO and
D2000 were 1.24� 10�8 (�1.86� 10�9) and 3.06� 10�8 (�1.07�
10�9) m2 V�1 s�1, respectively. The devices prepared with inter-
layers of D2000 had a nearly 2.5-fold higher SCLC electron
mobility, suggesting improved electron extraction from the PTB7/
PCBM blend lm. The factors that affected the carrier mobility
(transportation in the BHJ and extraction at the interfaces) were
presumably the differences in themorphologies of the active layers
(observed through AFM) and the WFs. The incorporation of an IF
layer having an amino functional group will typically build up an
interfacial dipole that alters the WF of the electrode, thereby
potentially facilitating efficient energy level pinning for high-
performance carrier extraction.15–17,34 To determine whether
incorporating the Jeffamine played a role in changing the WF, we
This journal is © The Royal Society of Chemistry 2017
used UPS to compare the WFs of ITO/ZnO and ITO/ZnO/D2000.
Fig. 4 presents the cutoff and valence band regions of the UPS
spectra of the samples. Aer interlaying D2000, we observed
a decrease in the WF of the ITO/ZnO substrate by 0.24 eV. By
embedding an amine-based IF layer, the WF of ITO/ZnO would
likely be reduced.34 The change in the surface status would affect
the energy level alignment at the interface between ITO/ZnO/
D2000 and the active layer. The nitrogen and oxygen atoms in
D2000 would function as donors that contact the surface of the
ZnO lm and change its WF by forming net dipoles (from the
molecular and surface dipoles) at the interface (Fig. 4b).24,51 The
true WF of ITO/ZnO was �3.47 eV (consistent with the value re-
ported in the literature); it decreased by 0.24 eV to �3.23 eV aer
embedding the D2000 interlayer.52 The AFM data revealed that the
phase segregation morphology of the BHJ changed aer embed-
ding the IF layers. Our results suggest that the surface status
(surface energy, morphology and WF) of the substrate altered the
local BHJ morphology and changed the degree of electron extrac-
tion in the cathode. Because this morphology prevented unfavor-
able charge recombination at the ETL interface, we observed
improvement in the FF and performance. Determining the
possible effects of embedding IF layers (from variations in elec-
tronics properties to variations in morphologies) can be chal-
lenging; our results provide an example that should allow better
understanding of the role of the interfaces within OPV devices.
J. Mater. Chem. A, 2017, 5, 10424–10429 | 10427
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Fig. 4 (a) Photoemission cut-off and valence band regions, obtained using UPS, for ZnO with and without D2000; and (b) net dipole-induced
change in the WF of the ZnO surface.
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Conclusion

We have demonstrated that Jeffamines can be used as ETL
modifying layers for high-performance OPVs. The incorporation
of these materials changed the surface energy, thereby affecting
the wetting properties of the active layer solution and, hence,
altering the morphologies of the blend lms. Compared with
the performance of the normal device, the embedding of Jeff-
amine D2000 enhanced the charge extraction efficiency [from
1.24 � 10�8 (�1.86 � 10�9) to 3.06 � 10�8 (�1.07 � 10�9) m2

V�1 s�1], due to a change in the WF of ZnO (with appropriate
energy levels) and an improved blend lm morphology for
enhanced electron transportation and greater selectivity of the
cathode. The PCE of the device embedding D2000 as the IF layer
increased by 6.2% (from 8.1 � 0.11 to 8.6 � 0.37%) because of
a signicant increase in the FF. Because of the wide variety and
low price of the Jeffamines, their judicious selection should
result in the development of inexpensive cathode interlayers for
large-area OPVs and other optoelectronic devices.
Experimental section
Materials and methods

All chemical reagents were obtained from Aldrich and used as
received (unless noted otherwise). UV-Vis absorption spectros-
copy was performed using a Hitachi U-5100 spectrophotometer.
10428 | J. Mater. Chem. A, 2017, 5, 10424–10429
PTB7 was purchased from 1-Materials; the Jeffamines were ob-
tained fromGreat Eastern Resins Industrial of Taichung, Taiwan.
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