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Ultrathin Metal Fluoride Interfacial Layers for Use

in Organic Photovoltaic Cells

Fengyuan Lin, Xingyuan Liu,* Yantao Li, Yongsheng Hu, and Xiaoyang Guo*

A variety of metal fluorides, including lithium fluoride (LiF), magnesium fluo-
ride (MgF,), barium fluoride (BaF,), strontium fluoride (SrF,), aluminum fluo-
ride (AlF3), zirconium fluoride (ZrF,), and cerium fluoride (CeFs;), are used as
the cathode interfacial layer (CIL) in polymer photovoltaic cells to assess their
effect on device performance. CeF;, BaF,, and SrF, CILs exhibit better perfor-
mance than a typical LiF CIL. The SrF,-based device shows a power conver-
sion efficiency (PCE) of 7.17%, which is approximately 9% higher than that of
the LiF-based device; this, to our knowledge, is the first report on the SrF,-
based organic photovoltaic cell device. The open-circuit voltage (Voc) and fill
factor (FF) of the fluoride-based devices are correlated to the work functions
(WFs) of the corresponding metals, which in turn influence the PCE. X-ray
photoelectron spectroscopy measurements of fluoride-based cathodes reveal
the occurrence of a displacement reaction and an interfacial dipole at the fluo-
ride/aluminum interface, which lead to a reduced effective WF of the cathode
and improved charge collection. Consequently, an improved PCE is achieved

To realize efficient electron transport
and extraction, low-WF electrodes, such
as alkali and alkaline earth metals (Ca,
Mg, Ba, etc.), are usually required. How-
ever, low-WF metals are easily oxidized
and chemically reactive in ambient atmos-
phere, which affects the stabilities of the
electrodes and devices."*1%] Therefore, dif-
ferent types of buffer layers, such as dipole
polymer PHS 1 transition metal oxides
TiO,, ZnO, and V,0,,[723 are used to
lower the WFs of electrodes and improve
stability. However, the devices containing
these oxide interface layers suffered from
the “light-soaking” problem; that is, they
exhibited hysteresis phenomena under
continuous illumination, which resulted
in fluctuations in device performance.?42°]
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together with an increased V¢ and FF.

1. Introduction

Over the past few years, organic photovoltaic cells (OPVs)
prepared from blends of conjugated polymers and fullerene
derivatives have received increasing attention because of their
flexibility, renewability, low cost, and environment-friendli-
ness.I"1% Recently, the power conversion efficiency (PCE) of
single-layer bulk-heterojunction polymer solar cells has been
reported to exceed 10% as a result of the integrated innovative
material design.''"13 To realize high PCE, the following factors
are essential: a small bandgap donor to harvest the major frac-
tion of solar photons, good morphology of the active layer for
efficient charge generation and transport, electrodes with suit-
able work functions (WFs) for formation of ohmic contacts, and
the maximum built-in electric field to facilitate charge extraction.

Dr. F. Lin, Prof. X. Liu, Dr. Y. Li, Dr. Y. Hu, Dr. X. Guo
State Key Laboratory of Luminescence and Applications
Changchun Institute of Optics

Fine Mechanics and Physics

Chinese Academy of Sciences

Changchun 130033, P.R. China

E-mail: liuxy@ciomp.ac.cn; guoxy@ciomp.ac.cn

Dr. F. Lin

University of Chinese Academy of Sciences

Beijing 100039, P.R. China

DOI: 10.1002/adfm.201502871

(=] e o]

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

To prevent the oxidation of reactive metals

to insulating metal oxides, and hence

enhance the device lifetime, ultrathin

metal fluorides with low WFs, such as LiF,
CsF, and CaF,, have also been introduced as the cathode inter-
facial layer (CIL).'72-21 Although these metal fluorides are
nonconducting, these ultrathin CILs can significantly improve
the performance of OPVs.

The mechanism of action of the metal fluorides placed
between the metal electrode and active layer has been exten-
sively investigated and can be explained with the following
three models: reaction, dipole, and tunneling. The reaction
model states that the evaporated aluminum metal electrode
reacts with the ultrathin fluorides, following which low-WF
metal atoms are released from the latter. The free metal atoms
are doped into the active layer, which results in the lowering
of the effective WF of the cathode and, consequently, effective
extraction of photogenerated electrons.2% The dipole model
demonstrates that electron transfer occurs between fluorides
and the metal electrode, which decreases the effective WF of
the cathode through a decrease of the surface potential of the
electrode, resulting in improved electron injection.?®28l The
tunneling model reveals that inserting an ultrathin insulating
metal fluoride between the metal electrode and active layer
leads to a reduction of the band bending of the active layer;
this results in a decreased effective barrier, which enhances the
effective electron tunneling.?!! Although the exact mechanism
governing the role of ultrathin metal fluorides in OPV devices is
still under debate, much evidence suggests that the mechanism
operating at the fluoride/metal interface cannot be explained by
any one model, but rather is explicable by a combination of two
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Figure 1. a) The schematic architecture of OPVs based on PBDTTT-C-T:PC;;BM blend. b) The energy level alignment of the materials in OPVs used

in this work.

or more models. Moreover, there is still lack of proper under-
standing of some aspects of the metal fluoride CILs, such as
their effects on the properties of the OPV devices; moreover,
the possibility of developing a method to estimate the effects of
metal fluoride CILs on OPV performance prior to performing
actual experiments has seldom been explored.

In this paper, we discuss the effects of CILs made of dif-
ferent metal fluorides, including lithium fluoride (LiF), mag-
nesium fluoride (MgF,), barium fluoride (BaF,), strontium
fluoride (SrF,), aluminum fluoride (AlF;), zirconium fluoride
(ZrF,), and cerium fluoride (CeF;), on the performance of OPV
devices. This is the first report on using SrF, and CeF; as CILs
in OPV devices. The SrF, device exhibited the highest PCE of
7.17%, which is 9% higher than the PCE of the control device
with 10 A LiF as the interfacial layer. Moreover, the device

b

performance was found to be related to the WF of the corre-
sponding pure metal in the fluoride (denoted as WFyg). A low
WEyr corresponds to a high open-circuit voltage (Voc) and a
high fill factor (FF), and thus an improved PCE. The mecha-
nism governing the role of ultrathin metal fluorides in OPV
devices was investigated in detail, which reveals that the mecha-
nism acting at the fluoride/metal interface can be explained by
a combination of the reaction and dipole models.

2. Results and Discussion

Figure 1 shows the device structure and the energy-level align-
ment of the materials used in this work. The widely used indium-
tin oxide (ITO)/poly(3,4-ethylene dioxythiophene)—polystyrene
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Figure 2. a) PCE, b) Vo, c) FF, and d) R; of devices with metal fluoride CILs of different thicknesses.
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sulfonic acid (PEDOT:PSS) was utilized as the anode; polymer
photovoltaic materials poly[4,8-bis-substituted-benzo[1,2-b:4,5-
b’]dithiophene-2,6-diyl-alt-4-substituted-thieno[3,4-b]thio-
phene-2,6-diyl] (PBDTTT-C-T) and [6,6]-phenyl C71-butyric
acid methyl ester (PC;;BM) were introduced as the donor and
acceptor, respectively; and different fluorides combined with Al
were used as the cathode for electron extraction.

Figure 2 shows device parameters including Vg, short-
circuit current density (Jsc), FF, and PCE as a function of the
thickness of fluoride for the different fluoride-based devices.
The detailed performance parameters of these OPV devices
are shown in Figures S1 and S2 and Tables S1-S7 in the Sup-
porting Information. The devices with different fluoride inter-
facial layers exhibit optimal performance at different fluoride
thicknesses; the optimal thicknesses of AlF;, ZrF,, MgF,, LiF,
CeF;, BaF,, and SrF, are 1, 3, 8, 10, 6, 8, and 11 A, respectively.
Here, we take SrF, as an example to explain the device perfor-
mance (Voc and FF) depending on the fluoride thickness. SrF,
deposited under high vacuum conditions follows the island-
growth mode on the surface of the active layer (Figure S4,
Supporting Information), which is similar to the growth of
BaF, 332 When the nominal thickness of SrF, is less than
that of single-coverage layer, only part of SrF, layer covers on
the polymeric photoactive layer. With the increase of the nom-
inal thickness of SrF, layer, the SrF, grows from little island
to large island, and gradually forms a single-coverage layer,
resulting in an increased V¢ and PCE, and a decreased series
resistance (R;). As the SrF, thickness increases, the average
root-mean-square roughness increases from 0.965 nm (active
layer surface without SrF,) to 1.147 nm (active layer surface
with 11 A SrF,), which proves the island growth of SrF, layer
(Figure S4b, Supporting Information). However, the FF and
the PCE decrease abruptly, and R, increases as the thickness
of the SrF, layer exceeds that of a single-coverage layer, which
is ascribed to the insulating nature of SrF,. The optimized cur-
rent density—voltage (J-V) characteristics of each device under
illumination and in the dark are summarized in Figure 3a,b,
respectively, and the device parameters are listed in Table 1.
The Vo of the devices increases from 630.00 to 770.03 mV in
the following order: AlF; < ZrF, < MgF, < LiF < CeF; < BaF,
< SrF,. Moreover, the PCE of these devices also increases from
4.28% for the AlF;-based device to 7.17% for the SrF,-based
device.
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Figure 3. J-V characteristics of the OPVs with different optimal fluoride
thicknesses a) under AM 1.5G irradiation at 100 mW cm2 and b) in the
dark.

Voc depends on temperature, light intensity, material micro-
structure, and the WF of electrode.?”) Therefore, to explore the
WFs of different fluoride-based electrodes, ultraviolet photo-
electron spectroscopy (UPS) measurements were carried out,
the results of which are shown in Figure 4a. The calculated WFs

Table 1. PCE, Vo, Jsc, FF, Rs, Ry Jo, and n of OPVs with different optimal thicknesses of ClLs, WFyr of ClLs, and effective WFs of cathodes.

CIL Optimal thickness WFwr  Effective WF of Voc Jsc FF R Rsh PCE Jo n
1A] [eV] cathodes [eV] [mV] [mA cm™] (%] [Qcm? [MQ cm?] [%] [mA cm™2] I\
Without?) 0 - 430 630.03 14.53 45.57 55.99 4.77 4.17 7.25%x 1078 1.61
AlF; 1 43083 4.25 630.00 14.47 48.35 55.65 2.61 4.27 6.75x 1078 1.61
ZrFy 3 4,054 4.12 630.04 14.86 48.38 35.40 2.95 4.53 6.49x 1078 1.59
MgF, 8 3.6683°] 3.85 750.05 14.96 53.31 18.41 2.53 5.98 6.65%x107° 1.58
LiF) 10 2.90851 ERN 750.07 14.70 59.87 8.95 1.75 6.60 3.44%x107° 1.56
CeF; 6 2.9003¢] 3.06 760.02 14.61 60.61 8.27 1.73 6.73 1.87%x107° 1.51
BaF, 8 2.7087) 2.95 760.04 14.81 62.65 8.05 1.93 7.05 9.06 x 10710 1.48
SrF, 1 2.5988 2.90 770.03 14.63 63.50 6.10 5.32 7.17 1.86x1071° 1.32

2 Control device

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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BaF,/Al, and SrF,/Al. b) WF s of each fluoride CIL and the effective WFs
of different cathodes (without or with fluoride CILs).

of these electrodes are also listed in Table 1 and the detailed
UPS data are provided in Table S8 (Supporting Information).
The WF decreases gradually from 4.25 eV for the AlF;-based
electrode to 2.90 eV for the SrF,-based electrode, thus exhib-
iting an opposite trend compared with Vgc. For the AlF;- or
ZrF-based electrode, the WF (4.25 or 4.12 eV) is higher than
the lowest unoccupied molecular orbital (LUMO) level of the
acceptor PC5;BM (3.9 eV); thus, nonohmic contacts are formed,
which subsequently lead to a decreased V. For the other fluo-
ride-based electrodes, the WFs are all below the LUMO level of
PC;;BM. Thus, ohmic contacts are formed, with the electrode
WF being pinned to the LUMO level of the acceptor, which ena-
bles achieving almost constant V¢ in MgF,-, LiF-, CeFs-, BaF,-,
and SrF,-based devices.

According to the reaction model, the displacement reaction
can be expressed as follows

3ME, + xAl — 3M + xAlF, (1)
where MF, is the metal fluoride. According to this equa-
tion, low-WF metals, such as Zr, Mg, Li, Ce, Ba, and Sr will

be generated at the fluoride/aluminum interface, which
will lower the cathode WF. The WFs of pure metals in the

Adv. Funct. Mater. 2015, 25, 69066912
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Figure 5. a) PCE, Jsc, Voc, and FF of the OPVs with ClLs of different
optimal thicknesses under simulated solar AM 1.5G illumination at an
intensity of 100 mW cm2. b) Changes in Voc, Jsc, FF, and PCE when
compared with a device without a CIL.

fluorides (WFyg) are listed in Table 1. The variation tendency
of the WFyr is similar to that of the cathode WF measured
by UPS (Figure 4b)."*4l Therefore, it is concluded that the
WF of the fluoride-based cathode can be determined from
the corresponding WFy, which affects the Vyc of the OPV
devices.

Figure 5a shows the evolution of device parameters,
including PCE, Jsc, Voc, and FF, for different metal fluoride
interfacial layers. Jsc changes slightly, whereas V¢ and FF
exhibit noticeable changes for different fluoride-based cath-
odes. Figure 5b shows the changes of these parameters relative
to those of the control device without a CIL. Compared with
the control device, the SrF,-based device shows an increase of
22% and 39% in Vo and FF, respectively, with a 72% increase
in PCE. This indicates that the enhanced PCE of the fluoride-
based device can be attributed not only to the increased Vi,
but also to the improved FF, which is an important parameter
that is influenced by Ry, shunt resistance (Ry,), saturation dark
current density (Jo), and ideality factor (n).[*?!

These parameters were extracted from the J-V curves in the
dark (Figure 3b) and are listed in Table 1. The FF increases from
48.35% for the AlF;-based device to 63.50% for the SrF,-based
device, and shows a similar increasing tendency as Vo, i.e.,
AlF; < ZrF, < MgF, < LiF < CeF; < BaF, < SrF,. R, decreases
from 55.65 Q cm? for the AlF;-based device to 6.10 Q cm? for
the SrF,-based device in the opposite order. Ry, fluctuates on

wileyonlinelibrary.com 6909

dadvd T1TInd




-
™
s
[
-l
wd
=
™

6910  wileyonlinelibrary.com

www.afm-journal.de

e \)i\iﬂb

www.MaterialsViews.com

Intensity (a.u.)

690 688 686 684 690 688 686 684

_.""“\ F1s

rd ) .:" ¥'

AR
/68528 |

684.88
686.38

690 688 686 684 690 688 686 684 682

Binding Energy (eV)

-.-Al

n Al .
€ "'\ — CeF3/Al

AN _LiF/Al

Intensity (a.u.)

. ~=Al
\ — BaF,/Al

i
i i
1y o~ 1
H \ 2N i
] ]

7172 73 74 75 76

71 72 73 74 75 76

71 72 73 74 75 76 71 72 73 74 75 76

Binding Energy (eV)

Figure 6. a—d) F 1s and e-h) Al 2p peaks in the XPS spectra of LiF/Al, CeF;/Al, BaF,/Al, and SrF,/Al cathodes, respectively.

the same order of magnitude in these devices and reaches the
maximum value of 5.32 MQ cm? for the SrF,-based device.
Moreover, according to the dark J-V curves, J, and n can be
extracted by fitting the data into the Shockley equation 394344]

J=Jo [exp(q‘Vn;BfTRs) -1)]+

V- JR,
Rsh

~Jw 2)

where q is the elementary charge, T is temperature, and kg is the
Boltzmann constant. Here, the ideality factor n, which is an indi-
cator of the geminate recombination during transport and bimo-
lecular recombination during charge collection, is an important
parameter for evaluating the quality of OPV devices.*>* For
the same Vo, a device with a lower n will have a higher FF.[*
As can be seen in Table 1, the value of n decreases gradually in
the order of AlF; > ZrF, > MgF, > LiF > CeF; > BaF, > SrF,,
achieving a minimum value of 1.32 for the SrF,-based device;
this indicates the SrF,-based device has the best transport and
collection processes. According to the Shockley equation, J, is
related to V¢, which can be expressed as*/

This equation indicates a smaller J, means a higher V.
As shown in Table 1, J, decreases in the following order: AlF;
> ZrF, > MgF, > LiF > CeF; > BaF, > SrF,, with the SrF,-based
device showing the lowest J, of 1.86 x 107 mA cm™2, which is
approximately two orders of magnitude lower than that of the
AlF;-based device. According to Equation (3), V¢ will increase
in the order, AlF; < ZrF, < MgF, < LiF < CeF; < BaF, < SrF,; this
is verified experimentally, as shown in Figure 3 and Table 1.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In order to explore the mechanism related to the role of dif-
ferent metal fluorides in OPV devices, we performed X-ray pho-
toelectron spectroscopy (XPS) measurements on LiF/Al, CeF;/
Al, BaF,/Al, and SrF,/Al cathodes; the F 1s and Al 2p peaks
are shown in Figure 6. In the F 1s spectra in Figure 6a—d, two
obvious peaks at approximately 685 and 686 eV were found
after detailed peak fitting. The peaks at 685.02 eV (Figure 6a),
684.89 eV (Figure 6b), 684.88 eV (Figure 6c¢), and 685.28 eV
(Figure 6d) are attributed to LiF,*0#8 CeF3,[*%5% BaF, 152
and StF,,B34 respectively. The peaks at 686.35 eV (Figure 6a),
686.34 eV (Figure 6b), 686.38 eV (Figure 6¢), and 686.68 eV
(Figure 6d) are due to AlF;.P>%% The presence of AlF; in all of
these four cathodes indicates the occurrence of a displacement
reaction between individual fluorides and Al; this indirectly
confirms that the effective WF of the fluoride-based cathode is
reduced as a result of the generation of the low-WF metal, such
as Li, Ce, Ba, or Sr.

In the Al 2p spectra shown in Figure 6e-h, the pure Al film
shows two peaks at approximately 71.5 and 74 eV, which are
attributed to metal Al and aluminum oxide, respectively. How-
ever, for the Al film with the ultrathin LiF, CeF;, BaF,, and StrF,
layers, the two peaks show a shift by 0.29, 0.09, 0.42, and 0.45 eV
toward high binding energy, respectively. This indicates that
electrons are lost from Al at the fluoride/aluminum interface,
and a dipole that is directed toward the active layer is formed,
which accelerates the extraction of electrons at the cathode. A
larger peak shift implies the presence of a stronger dipole at the
fluoride/aluminum interface, resulting in a faster charge collec-
tion and a reduced bimolecular recombination at the electrode,
and thus a lower n of the OPV device. Among the four fluoride
interfaces, SrF,/Al exhibits the largest dipole, thus indicating
the minimum bimolecular recombination at this interface;

Adv. Funct. Mater. 2015, 25, 6906-6912
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moreover, this means that the minimum » will be achieved for
the SrF,-based device, which is consistent with the calculated n
in Table 1. Therefore, the highest FF could be achieved with the
SrF,-based device.

In light of the above discussion, we plot the correlation
between device properties and different metal fluorides in
Figure 7. The figure shows that as WFyp decreases from 4.3 to
2.59 eV, the fitted V¢ curve increases exponentially, while FF
increases linearly, resulting in an exponential increase of PCE.
The correlation between device properties and WFyr may be
extended to other metal fluoride CILs in OPVs. Thus, this work
provides a simple method to estimate the effect of a metal fluo-
ride CIL on OPV performance prior to performing experiments.

3. Conclusions

In summary, we have introduced different metal fluoride CILs
in OPVs. The Vi and FF of the device were found to increase

Adv. Funct. Mater. 2015, 25, 6906-6912
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with the decrease of WFyy in the following order: AlF; < ZrF,
< MgF, < LiF < CeF; < BaF, < SrF,. The SrF,-based device
showed the highest PCE of 7.17%, with the highest Voc of
770 mV and the highest FF of 63.5%. The XPS studies of the
fluoride cathodes confirmed the presence of a displacement
reaction and an interfacial dipole at the fluoride/aluminum
interface, which led to reduced effective WFs of cathodes and
improved charge collection. As a result, an improved PCE was
achieved together with an increased V¢ and FF. These results
indicate that the mechanism operating at the fluoride/metal
interface can be explained through a combination of the reac-
tion and dipole models. This report will provide a useful ref-
erence for investigating the mechanism at the fluoride/metal
interface in OPVs, estimating the effect of a metal fluoride
CIL on OPV performance, and selection of interfacial layers to
realize efficient OPVs in a simple way.

4. Experimental Section

Device Fabrication: The ITO coated glass anode was cleaned with
acetone, alcohol, and deionized water in an ultrasonic bath and then
placed in a vacuum drying oven to remove moisture. Next, the ITO
substrates were treated with ultraviolet ozone for 15 min and immediately
coated with PEDOT:PSS (Baytron P Al 4083, 30 nm). Subsequently, the
samples were heated for 10 min at 120 °C on a hot plate to eliminate
residual water and transferred into an N, glove box. A blend of a low
bandgap conjugated polymer, PBDTTT-C-T, and PC;;BM (American Dye)
was spin-coated onto the samples from dichlorobenzene for use as the
active layer (800 rpm, ca. 100 nm). A small amount (3 vol%) of a high
boiling point additive, 1,8-diiodooctane (DIO, Sigma-Aldrich), was used
to optimize the morphology of the active layer.’”] Finally, metal fluorides
of different thicknesses and Al (100 nm) were thermally deposited at a
pressure of 2.5 x 107 Pa. The active area of the OPV devices was 0.12 cm?.
All measurements were performed in air without encapsulation.

Characterization: The J—V characteristics of OPVs were measured
using a computer-controlled Keithley 2611 source meter under AM 1.5G
illumination from a calibrated solar simulator with an irradiation intensity
of 100 mW cm2 and in the dark. UPS spectra were obtained using a
Thermo ESCALAB 250 surface analysis system equipped with a helium
discharge lamp at hv = 21.22 eV. XPS studies were carried out using a
Thermo ESCALAB 250 instrument with Al Ko X-rays (hv = 1486.6 eV)
to investigate the surface properties. The C 1s peak at 284.5 eV was
considered the standard for all charge shift corrections during the peak
fitting process. The absorption spectra of the active layer were recorded
on a Shimadzu UV-3101PC UV-vis—NIR scanning spectrophotometer.
External quantum efficiency measurements were performed with a
lock-in amplifier at a chopping frequency of 20 Hz under illumination
with monochromatic light from a Xenon lamp. Film thicknesses were
measured with an Ambios XP-1 surface profiler. Atomic force microscopy
measurements were performed on an SA400HV instrument with a
SPI3800N controller (Seiko Instruments Industry, Co., Ltd).

Supporting Information

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