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ABSTRACT: One of the most commonly used cathode
interlayers for increasing the efficiency of electron injection/
extraction in organic electronic devices is an ultrathin layer of
LiF. Our capacitance measurements and electrical conductivity
analysis show that thin films of fullerene derivatives and their
mixtures with polymers are unintentionally doped upon
deposition of LiF. The level of doping depends on the
chemical structure of the fullerene derivatives. The doping
effect on polymer/fullerene mixtures is significant only for
blends in which the fullerene content is greater than the polymer content by weight. Our finding has profound implications for
the development and characterization of organic photovoltaic devices, including a negative impact of doping on the stability of
the device and erroneous estimations of properties such as charge carrier mobility and the dielectric constant.

KEYWORDS: LiF, cathode interlayers, doping, dielectric constant, charge carrier mobility, electrical conductivity, fullerene derivatives,
organic solar cells

1. INTRODUCTION

Low-work-function metals are desirable as electron-injecting/-
extracting electrodes for organic electronic devices such as
organic light-emitting diodes (OLEDs) and organic solar cells.
However, the reactivity of these metal electrodes toward
atmospheric oxygen or adjacent organic materials limits their
application as stable contacts. Al, a relatively corrosion-resistant
metal, is a widely used electrode material in many electronic
devices. Nevertheless, the high work function of Al and its high
reactivity to organic materials1−3 make it unfavorable as a
cathode material for most organic electronic devices.4−10 For
this reason, Al is normally used as a capping metal for lower-
work-function metals such as Ba, Ca, or Mg.5,6,9−11 Alkali halide
interlayers are used to compensate for the high work function
of Al through different electronic mechanisms.12,13 Among
these interlayer materials, LiF has attracted great interest
because the incorporation of an ultrathin film (<1 nm) of LiF
drastically improves the performance of photovoltaic cells and
OLEDs.4,5,7,8,14−16 Despite the wide band gap of LiF (∼13
eV),17 which makes it a superior insulating material, an
ultrathin LiF film inserted between Al and an organic film
enhances the electron injection/extraction.
The underlying mechanism by which LiF interlayers improve

the performance of Al cathodes is a subject of ongoing debate.
We summarize the hypotheses proposed thus far into three
major scenarios: (a) reduction of the barrier height for the
injection of electrons through either a voltage drop at the
interface or band bending,5−7,15,18 (b) dissociation of LiF at the

interface resulting in doping of the adjacent organic layer,
thereby enhancing electron injection,4,8,18−20 and (c) formation
of interface dipoles, resulting in a vacuum-level downshift
between the organic layer and Al.2−4,12,20 Depending on the
active layer material(s) and the techniques used to investigate
their interface with LiF/Al, different scenarios have been
proposed. For instance, tris(8-hydroxyquinolinato)aluminum
(Alq3) is the most extensively investigated compound for which
tunneling injection,5,6 band bending at the interface,5,21 and
doping8,18 have been suggested as the major reasons for the
enhancement of the electron injection through LiF/Al contact.
For poly(9,9-dioctyl-fluorene) (PFO), the formation of a
surface dipole at the PFO/LiF/Al interface has been
suggested.2 By contrast, in the case of another polyfluorene
copolymer mixed with [6,6]-phenyl C61 butyric acid methyl
ester ([60]PCBM), either Li doping of the active layer or the
formation of a dipole layer at the interface has been reported.20

In the case of solar cells with poly[2-methoxy-5-(3,7-
dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-
PPV):PCBM, doping of the active layer has been explicitly
rejected on the basis of the observation that doping results in a
substantial decrease in the photoluminescence of the
fluorescent polymers.3,12,14 Because no such degradation was
observed in previous studies on poly[2-methoxy-5-(2-ethyl-
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hexyloxy)-1,4-phenylenevinylene] (MEH-PPV) diodes with a
LiF/Al contact,22 LiF was concluded to similarly remain intact
when in contact with MDMO-PPV:PCBM. Under this
argument, however, the MDMO-PPV:PCBM blend is not
directly inspected for the doping effect. Further support for the
rejection of the doping scenario is based on the speculations of
Heil et al.,8 who proposed that reactions between LiF and Al
can lead to the dissociation of LiF and to subsequent doping of
the underlying film, independent of the composition of the film.
Because secondary-ion mass spectra of both PCBM/LiF/Al and
MDMO-PPV/LiF/Al interfaces showed no such reaction
products,3 LiF was concluded to remain intact at the interface.
However, this argument assumes that LiF can dope the
underlying film only through a reaction with Al involving
dissociation of LiF.
In summary, no convincing argument disproving the doping

scenario regardless of the active layer composition has been put
forward. Therefore, the possibility of doping should be
considered in the characterization of organic materials used in
devices that require a LiF interlayer. Disentangling the extrinsic
effects of LiF deposition that potentially influence the
properties of the active organic compound is important. For
instance, if the deposition of LiF involves the doping of the
active layer, then the LiF interlayer will do more than just
facilitate the injection of electrons.
In this work, we study the doping effect of LiF on different

fullerene derivatives as important components of organic and
perovskite solar cells. Unlike most previous studies based on
interfacial spectroscopy carried out in an environment that
differs from the operational conditions of a device, our work is
focused on device measurements that reflect both bulk and
interface properties. We study fullerene derivatives and their
mixtures with polymers through capacitance and current−
voltage (J−V) measurements. By investigating various fullerene
derivatives, we observe that the doping effect occurs and is not
specific to the chemical structure or the molecular packing of
the fullerene derivatives. All of our macroscopic observations
from the capacitance and current density measurements, as well
as the local and bulk conductivity measurements, show that
films of fullerene derivatives are doped after the deposition of a
LiF layer. The extent of doping varies for different fullerene
derivatives.

2. EXPERIMENTAL SECTION
Commercially available indium−tin oxide (ITO)-patterned glass
substrates with different dimensions (9, 16, 36, and 100 mm2) were
used as the bottom electrode for capacitors/diodes. For in-plane
capacitors/diodes, n-doped silicon substrates (doping at wafer surface:
n ≈ 3 × 1017cm−3) with a 230 nm SiO2 insulating oxide layer were
used. The in-plane electrodes were patterned with 30 nm thick Au.
The channel lengths were 10, 5, and 2.5 μm. The channel widths were
10 mm. The ITO substrates were cleaned by being scrubbed with a
soapy water solution, flushed with deionized water, separately
sonicated in acetone and isopropyl alcohol, and then oven-dried and
subjected to a UV−ozone treatment. Poly(3,4-ethylenedioxythio-
phene) polystyrenesulfonate (PEDOT:PSS) was spin-cast under
ambient conditions and dried at 140 °C for 10 min. Metallic top
contacts including interlayers of LiF(1 nm), Ba (5 nm), and Ca (10
nm) were deposited at a pressure less than 106 mbar. To determine
the capacitance, we conducted impedance spectroscopy in the
frequency range from 10 Hz to 1 MHz using a Solartron 1260
impedance gain-phase analyzer with an ac drive voltage of 10 mV and
an applied dc bias of −2 V or −1 V to keep the capacitors free of
charge-carrier injection. The capacitance−voltage (C−V) measure-
ments were conducted at drive frequencies of 1 and 10 kHz for Mott−

Schottky analysis. Current−voltage characterizations were performed
with a Keithley 2400 source meter for diodes and a Keithley 4200 for
in-plane current measurements. We carried out conductive AFM (C-
AFM) measurements by applying a TUNA module to a MultiMode 8
atomic force microscope (Bruker) equipped with System Controller V
and operated in contact mode. NPG-10 probes with a spring constant
of k = 0.06 N/m and a tip radius of 30 nm were used for the electrical
measurements of both samples. Each fabricated sample was
characterized using a new probe and an applied contact force less
than 2 nN. All of the sample processing steps and measurements were
carried out under an N2 atmosphere at a stable temperature, except for
the C-AFM measurements, which were performed under ambient
conditions.

3. RESULTS AND DISCUSSION
3.1. Capacitance Measurements Reveal Doping. We

studied the possible doping effect of LiF deposition on fullerene
derivatives through capacitance measurements and compared
the electrical capacitance of the fullerene derivatives in diodes
with LiF/Al contacts to the electrical capacitance of diodes with
different interlayers or without any interlayer. By dividing the
capacitance of the diode by the capacitance of the
corresponding empty capacitor, we calculated the relative
effective dielectric constant (εr−eff) of the studied fullerene
derivative. This parameter therefore reduces to the relative
dielectric constant of the pristine fullerene derivative (εr) in the
case of no doping and/or mixing. We performed Mott−
Schottky analysis of the (C−V) measurements to determine the
doping densities (ND) of the affected fullerene derivatives.23

We started with [60]PCBM and [70]PCBM, which are the
most commonly used fullerene derivatives in organic
electronics, to determine the possible doping associated with
LiF deposition. Figure 1a shows the variation of εr−eff of PCBM
sandwiched between ITO/PEDOT:PSS and LiF/Al contacts
versus the film thickness. As evident in this figure, the
deposition of only 1 nm of LiF on top of the PCBM films
increased their relative dielectric constants compared to those
of pristine films. The values for the pristine films, as determined

Figure 1. (a) Effective dielectric constants and (b) apparent doping
densities of [60]PCBM and [70]PCBM versus the film thickness in
the diode structure of ITO/PEDOT:PSS/PCBM/LiF/Al.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.6b05638
ACS Appl. Mater. Interfaces 2016, 8, 22623−22628

22624

http://dx.doi.org/10.1021/acsami.6b05638


from standard capacitors (without a LiF interlayer) were 4 ±
0.3 and 4.5 ± 0.3 for [60]PCBM and [70]PCBM, respectively.
To quantify the doping level, we analyzed the C−V results
using Mott−Schottky analysis, through which we calculated the
dopant density in the space charge region.23 At thermal
equilibrium, the space charge region is formed by the ionization
of the dopants to provide Fermi-level alignment between the
metal and the semiconductor via band bending. As shown in
Figure 1b, the dopant density in the space charge region
increases with decreasing film thickness. Therefore, in the case
of the PCBM films, the deposition of LiF appears to provide
similar amounts of dopants that can diffuse inside the film
instead of remaining at the interface. Notably, the dopant
density in the space charge region will be equal to the dopant
density in the bulk if the doping is uniform. Therefore, the ND
values shown in Figure 1b represent the upper limits of the
dopant density for all thicknesses of the bulk. Furthermore, an
upper limit for the dopant density can be determined from the
Mott−Schottky analysis in the case of films thinner than 100
nm.23,24

Table 1 lists the effective dielectric constants of [60]PCBM
and [70]PCBM as extracted from the as-cast and postannealed

diodes fabricated with different cathodes. Postannealing clearly
only influences the diodes with LiF/Al contacts, whereas diodes
with Al and Ba/Al remain unaffected. Thus, annealing appears
to facilitate doping.
To study the doping influence of the LiF insertion into a

fullerene derivative with a different chemical structure, we used
F2M (Figure 2). Unlike PCBM, F2M can be processed into

uniform films with thicknesses as high as 300 nm, thus enabling
us to observe whether the doping effect also occurred in thicker
films. A comparison of the values of εr−eff determined from the
capacitance measurements of diodes with various cathodes
reveals that doping was evident only in the diodes with LiF/Al
contacts (Table 2). The formation of an ohmic contact, which
implies an accumulation of charges at the interface of Ca/Al
and Ba/Al cathodes, also does not give rise to a substantial
difference in the value of εr−eff compared with the εr extracted

from standard capacitors with an Al contact. Our measurements
of F2M (film thickness ∼230 nm) resulted in εr−eff values as
high as 8 and doping densities similar to those of PCBM films
as thin as 60 nm from capacitors with a LiF/Al contact (Table
2). Thus, F2M is apparently more strongly affected by doping
than is PCBM.
To cover an even broader range of chemical structures, we

chose PTEG-1 (Figure 2)25,26 for studying the doping influence
of the LiF deposition. Similarly, we aimed to find εr−eff through
the capacitance measurements of PTEG-1 in the diodes with a
LiF/Al contact. However, the diodes exhibited very low
electrical resistances; we therefore could not determine their
electrical capacitance. We instead measured the in-plane
conductivity to quantify the extent of doping; the results are
reported in section 3.2.3.

3.2. Current−Voltage Characterizations Reveal Dop-
ing. 3.2.1. Diodes with Different Cathodes. J−V character-
ization is an established method for qualifying the efficiency of
electrodes. To discriminate between the electron injection
enhancement effect of LiF and its doping effect, we compared
the J−V curves of diodes with a LiF cathode interface to those
of diodes with other cathode interfaces with ohmic character.
As illustrated in Figure 3a, F2M with a LiF/Al top contact

exhibits a higher current density in forward bias compared to
that of F2M with an Al top contact, which can be explained by
the removal of the injection barrier. However, the nearly
symmetrical current density of F2M/LiF/Al cannot be
explained by the asymmetry of the work function of the
contacts unless doping of the active layer is involved. We
observed a temperature dependence of the current in the case
of the postannealed F2M/LiF/Al diodes (Figure S1); therefore,

Table 1. Effective Dielectric Constants of PCBM Extracted
from the As-Cast Diodes and from the Diodes Postannealed
at 115 °C for 10 mina

cathode εr−eff ± 0.3 εr−eff ± 0.3 annealed

[60]PCBM (92 nm) LiF/Al 6 12.5
Ba/Al 4.1 4
Al 3.9 4

[70]PCBM (70 nm) LiF/Al 9 25.1
Ba/Al 4.8 4.7
Al 4.5 4.4

aITO/PEDOT:PSS was used as the bottom contact for all of the
diodes.

Figure 2. Chemical structures of F2M (left) and PTEG-1 (right).

Table 2. Apparent Doping Density and the Effective
Dielectric Constants of F2M

cathode d (nm) εr−eff ± 0.3 ND (1021 m−3)

Ba/Al 345 3.9 0.4
Ba/Al 276 4.1 7
Ca/Al 345 4.6
LiF/Al 280 6.8 60
LiF/Al 228 8.4 160
Al 95 3.3
Al 231 3.7

Figure 3. Current−voltage characteristics of F2M in diode structures
of (a) ITO/PEDOT:PSS/F2M (230 nm)/cathode and (b) Au/
PEDOT:PSS/F2M (280 nm)/cathode.
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we expect that the symmetrical current is not due to shorts
occurring in the device after annealing. We assumed that
annealing facilitates ordering of the molecules, thereby
enhances the transport, which increases the current density as
a consequence. However, in the case of diodes with LiF/Al,
annealing not only enhances the current density but also
reduces the current rectification. Figure 3b shows that the
influence of the LiF interlayer is not merely the elimination of
injection barriers, as in the case of the Ba interlayer. The F2M
diodes with identical anodes and identical active-layer
thicknesses exhibit substantially different current densities.
The enhanced current density for devices with a LiF/Al top
contact is therefore not due to the high electron mobility of this
fullerene derivative but rather is the result of doping; this effect
intensifies upon postannealing of the device.
3.2.2. Role of Al Capping Layer in the Doping Effect of LiF.

According to previous studies corroborating the doping
scenario, LiF dopes the organic film when it is capped with
Al; by contrast, in the case of capping with a noble metal, LiF
remains inert.8,20 The authors of these previous studies
proposed that a reaction occurs between Al and LiF that
releases Li to dope the underlying organic layer whereas no
such reaction occurs with a noble metal; hence, no doping
occurs.
To test this hypothesis, we designed four diodes with

different configurations, as shown in the legend of Figure 4. In

device A, Al and LiF layers were physically separated by a
PCBM layer that prevented chemical reactions between Al and
LiF. To fabricate this device, we first cast a layer of PCBM, then
evaporated 0.7 nm LiF on top of it, and then cast another layer
of PCBM to isolate the LiF layer from the subsequent Al film
that was evaporated over all of the layers. We compared the
performance of this diode with that of another diode (device
C) with a configuration that enabled reactions between LiF and
Al. To fabricate device C, after depositing the LiF film onto
PCBM, we immediately evaporated Al to coat the whole
structure. We compared the current density of these two diodes
with that of another PCBM diode with an Al-only cathode
(device B). As shown in Figure 4, device C, in which LiF and Al
were in contact, did not exhibit a higher current density than
device A, which demonstrates that a chemical reaction between
Al and LiF is not necessary to initiate doping. By contrast, the
current density of device A was nearly 2 orders of magnitude
greater than that of B, even though both devices had an Al
cathode. We attribute this greater current density of device A to

the presence of LiF (0.7 nm) sandwiched between PCBM in
this device, which dopes the PCBM. By contrast, in the case of
device B, the PCBM remains pristine, and Al, as a Schottky
contact, limits the injection of electrons, thereby leading to a
lower current density. Device D, with a silver cathode, exhibited
current densities similar to those of device C at voltages above
the built-in voltage. This result further demonstrates that
PCBM did not remain inert upon the deposition of LiF, even
when capped by a noble metal.
From our local conductivity measurements via C-AFM, we

derived the same conclusion as from the macroscopic J−V
characteristics (Figure 5). Although no Al layer was deposited

on top of the films, the PCBM film sandwiching a 0.7 nm LiF
layer exhibited a higher tunneling current compared to that of
the pristine film, indicating doping in the absence of Al.

3.2.3. Conductivity of PTEG-1 Doped with a LiF Interlayer.
As discussed in section 3.1, we were unable to determine the
εr−eff of PTEG-1 because of a high leakage of the capacitors
with a LiF/Al contact. Therefore, we investigated the in-plane
conductivity of PTEG-1 in the in-plane capacitor/diode
structures shown in Figure 6a,b. We extracted a similar
conductivity for the as-cast PTEG-1 film with a LiF sandwich
layer and the as-cast pristine PTEG-1 (Figure S2). Through
postannealing, the conductivity of the former increased by 4
orders of magnitude, whereas the latter exhibited almost no
change in conductivity (Figure 6c). We cannot explain the
difference in the conductivity values of PTEG-1 extracted from
the in-plane diodes (Figure 6a,b) unless we consider doping
originating from the LiF layers deposited onto the PTEG-1
film. Because we do not know the dopants, explaining why
PTEG-1 with a LiF interlayer exhibits such a strong doping
effect is difficult.

4. DEPOSITION OF LIF ONTO FILMS OF
FULLERENE/POLYMER BLEND CAN LEAD TO
DOPING

Because fullerene derivatives are widely used in blends with
donor polymers for photovoltaics, we studied the doping effect
of the insertion of a LiF layer for two types of polymer:PCBM
blends. Our tests on pristine MEH:PPV and poly[(4,8-bis(2-
ethylhexyloxy)-benzo(1,2-b:4,5-b)dithiophene)-2,6-diyl-alt-(4-
(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-

Figure 4. Current−voltage characteristics of [60]PCBM diodes with
LiF at different positions compared with that of a [60]PCBM diode
without LiF. The overall thicknesses of [60]PCBM in devices A−D are
140, 120, 100, and 120 nm, respectively. All four diodes have ITO/
PEDOT:PSS anodes.

Figure 5. Local conductivity measurements of (a) pristine [60]PCBM
and (b) [60]PCBM sandwiching a 0.7 nm LiF layer. The tunneling
current was measured between an Au substrate and an Au tip. The
scale bar at the right indicates the TUNA current according to the
color code.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.6b05638
ACS Appl. Mater. Interfaces 2016, 8, 22623−22628

22626

http://pubs.acs.org/doi/suppl/10.1021/acsami.6b05638/suppl_file/am6b05638_si_001.pdf
http://dx.doi.org/10.1021/acsami.6b05638


2-6-diyl)] (PTB7) showed no evidence of doping in the device
structures with a LiF/Al top contact. However, the εr−eff values
that we extracted for MEH-PPV:[60]PCBM (1:4) blends from
the devices with LiF/Al, Ba/Al, and Al cathodes were 4.7, 3.9,
and 3.6, respectively. A comparison of these values reveals that
the MEH-PPV:[60]PCBM (1:4) blend was doped in the device
with a LiF/Al contact. In the case of PTB7:[70]PCBM(1:1.5),
however, we observed no difference in the values of εr−eff
extracted from devices with a LiF/Al contact compared with
those extracted from standard devices with an Al contact.
Because PCBM is the only component of the blends that is
affected by the doping effect of LiF insertion, we concluded that
its content in the blend may determine the level of doping. The
content of PCBM was less in the PTB7:PCBM (1:1.5) blend
than in the MEH-PPV:PCBM (1:4) blend; therefore, the
doping appears to be insignificant in the former case.
Nevertheless, regarding the complex phase composition and
diffusion pathways for dopants for the polymer:PCBM blends,
attributing the doping level merely to the PCBM-to-polymer
weight ratio is not straightforward. We have demonstrated that
doping upon deposition of LiF is likely for some
polymer:PCBM films. To obtain further insights into the
dependence of the doping on the phase composition of the
polymer:PCBM films, a C-AFM study on the films before and
after the deposition of LiF would be useful.27

5. POSSIBLE DOPING MECHANISMS
Our macroscopic observations reveal substantial doping
associated with LiF deposition onto fullerene derivative films
but cannot resolve the underlying molecular mechanism.
Future spectroscopic analyses of the doped versus undoped
films would provide insights into the nature of the doped
species. In the following section, we speculate on the possible
mechanisms underlying our observations. To this end, we note
two key findings of our study: (1) The enhancement of current
density and the loss of current rectification are more
pronounced for the diodes with doped F2M films than they
are with PCBM. Moreover, the εr−eff of doped F2M is similar to
PCBM in thicker films. Therefore, F2M undergoes stronger
doping than PCBM upon the deposition of LiF. (2) The
conductivity of the doped PTEG-1 is sufficiently high for the
measurements of in-plane current, whereas we could not

measure the in-plane current of the doped PCBM beyond the
noise level of our measurement equipment. Thus, the doping
effect on PTEG-1 is stronger than that on PCBM. On the basis
of these findings, we propose the following speculative
mechanisms: (a) The stronger doping effect observed for
F2M and PTEG-1 is attributable to their lower packing density
caused by longer side chains. Dopants expectedly exhibit
greater diffusivity in loosely packed films (F2M and PTEG-1)
compared to closely packed films (PCBM). (b) The strongest
doping effect that we observe for PTEG-1, compared with
those of PCBM and F2M, suggests that a form of Li (i.e., Li
atoms, as in the metal) could be active as n-doping agent(s) in
the described experiments. When the fullerene cage is reduced
by Li, the resulting Li+ ions can then be solvated by the
ethyleneoxy groups. However, formation of Li from LiF seems
quite unlikely. (c) Because postannealing facilitates further
doping in all cases, we conclude that the doping does not
merely occur throughout the deposition of LiF but that the
dopants remain active in the film after the deposition.
Apparently, annealing activates further reactions, which lead
to additional doping or facilitate diffusion of the dopants deeper
inside the fullerene film.

6. CONCLUSIONS
We have shown that the evaporation of LiF onto thin films of
fullerene derivatives leads to bulk doping. The level of
unintentional doping varies depending on the chemical
structure of the fullerene derivatives and their matrix in the
film. The presence of Al is not necessary to activate the doping,
as indicated by our observation of the doping effect in the films
without a metallic contact. We also observed that annealing
possibly facilitates the doping by enabling easier diffusion into
the bulk, leading to the doping of additional fullerene
molecules. Because we did not observe the doping of pristine
polymers, we conclude that the mixtures of polymer:fullerene
show the doping effect only because of the presence of the
fullerene molecules.
Our results have important implications for organic

electronic devices because we have shown that the intrinsic
properties of fullerene derivatives can substantially deviate from
their pristine values when extracted from devices incorporating
LiF interlayers. Moreover, the devices containing fullerene
derivatives may face stability issues because of the unintentional
doping effect of LiF deposition. Alkali metals and their salt or
alloy compounds can give rise to unintentional doping similar
to LiF, which should be investigated in future works.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.6b05638.

Temperature dependent current−voltage characteristics
of doped F2M, before and after annealing. In-plane
current−voltage characteristics of pristine and doped
PTEG-1 before and after annealing. (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: s.torabi@rug.nl. Phone: +31 (0)50 3635211.

Notes
The authors declare no competing financial interest.
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