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ABSTRACT: In organic photovoltaic (OPV) cells, besides the
organic active layer, the electron-transporting layer (ETL) has a
primordial role in transporting electrons and blocking holes. In
planar heterojunction-OPVs (PHJ-OPVs), the ETL is called the
exciton blocking layer (EBL). The optimum thickness of the EBL
is 9 nm. However, in the case of inverted OPVs, such thickness is

too high to permit efficient electron collection, due to the fact that | o =)
there is no possibility of metal diffusion in the EBL during the top e i T
metal electrode deposition. In the present work, we show that the v
introduction of a thin potassium layer between the indium tin ’

oxide (ITO) cathode and the EBL increases dramatically the

conductivity of the EBL. We demonstrate that K not only behaves

as a simple ultrathin layer allowing for the discrimination of the charge carriers at the cathode/organic material interface but also by
diffusing into the EBL, it increases its conductivity by 3 orders of magnitude, which allows us to improve the shape of the |-V
characteristics and the PHJ-inverted OPV efficiency by more than 33%. Moreover, we also show that PHJ-inverted OPVs with K in
their EBLs are more stable than those with Alq, alone.
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1. INTRODUCTION allows for obtaining sufficiently fine material domains of the
same order of magnitude as that of the exciton diffusion length,
which allows for excitons to meet an electron donor/electron
acceptor interface and to dissociate into free charges.

Organic photovoltaic (OPV) cells with their lightweight,
flexibility, and semitransparency appear to be complementary
to the Si modules. This makes them promising for a bright

future. The classical configuration of OPVs (classical OPVs) Nevertheless, the use of small molecules exhibits several
consists of an organic layer sandwiched between a high-work- advantages such as ease of synthesis, inherent monodispersity,
function (Wj) transparent conductive electrode, usually a well-defined structure, and simple purification. All this makes
indium tin oxide (ITO), as the bottom anode and a small that high power conversion efficiency OPVs with small
work function electrode as the top cathode. However, the Wy, molecule-based donor materials were carried out.”> However,
of the top cathode being small, these classical OPVs are not whatever the electron donor used, it is not easy to control and
stable due to their sensitivity to humidity and oxygen, and it stabilize the morphology of the BHJ-OPVs.® Therefore, it
was shown that inverted OPVs, ie, OPVs whose bottom could be interesting to use small molecules in planar
electrode was the cathode and the tOp electrode was the anode, heterojunctions (PHJs), and such planar structures have
were far more stable." Inverted OPVs, with a low-W-modified already allowed to achieve high power conversion efficiency.”

ITO and a.high-w.ork-function rpoc%iﬁed metal as th.e top anode Although BHJ-OPVs are generally more efficient than PHJ-
allows for improving the OPV lifetime. Therefore, it is of great OPVs, the latter have several advantages in fundamental works

interest to wqu on .inverted OPV_S' ) ] as simple models to investigate interfaces of the OPVs.*
The organic active layer, which is responsible for the

absorption of light and charge carrier generation, consists of, at
least, two organic materials, an electron donor and an electron
acceptor. When these two materials are blended, resulting in a
bulk heterojunction (BHJ), quite a high power conversion
efficiency (PCE) can be achieved due to a large-area interface
between the electron donor and the electron acceptor.”
Usually, in BHJ-OPVs, the electron donor is a polymer. This
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Therefore, in the present work, we have studied PHJ-OPVs,
using commercial small molecules as organic materials, and we
have focused our study on the effect of a new original buffer
layer between the cathode and the electron acceptor, the
electron donor being SubPc and the electron acceptor being
Cgo- Indeed, to achieve a good band matching with the organic
materials, ie., to modulate the Wy of the electrodes, it is
necessary to introduce buffer layers at the interfaces of
electrodes/organic materials. In fact, interface engineering is
very important. It not only enables high carrier extraction
efficiency from the organic materials but also permits better
charge transport. In the case of the anode, it is necessary to
have a high Wg, and MoO;, with Wy > 5.3 €V, is a very
efficient hole-transporting layer (HTL).” For instance, even if
the Wg of the metal anode is small, such as that of Al with W
= 4.3 eV, when this metal is coupled with MoOj;, the hybrid
electrode Al/MoQ; is very efficient in extracting holes."
Therefore, in the present work, we used MoOj; as the HTL and
we focused our interest on the cathode/electron acceptor
interface. We show that it is possible to improve very
significantly the inverted OPV performance using an original
hybrid buffer layer. As a matter of fact, the electron-
transporting layer (ETL) depends on the OPV structure; in
the case of BHJ-inverted OPV, the ETL is usually a low-work-
function oxide, such as ZnO or TiO,."""” In the case of PHJ-
OPVs, the ETL, which is called the exciton blocking layer
(EBL), is a large-band-gap organic material such as BCP or
Algs.* " Tt is known as an EBL because it is supposed that its
large band P prevents exciton quenching by the metal
cathode.”*™! Additionally, in PHJ- classical OPVs, it is
proposed that the EBL also protects the organic active layer
from metal diffusion,'® and it can also work as an optical
spacer.'” Moreover, it is well known that interface dipoles are
often present at organic/metal interfaces,'® and it was shown
that surface dipoles can be formed and can lower the work
function of electrodes upon EBL deposition, which allows for
the reduction of the ITO work function and permits better
carrier collection.'” The optimum thickness of this layer may
depend on its nature, and it may be thinner®® or thicker;*" but
overall, the studies converge toward an optimum thickness of
the order of 8—10 nm."*~"”*'~?? This is the reason we chose a
thickness of 9 nm in our study. Alq; was chosen as the EBL
due to the fact that it significantly increases the lifetime of the
OPVs. The reason why Alq; improves the lifetime of OPVs in
comparison with BCP is that after deposition, the amorphous
state of Alq, is stable, while it is not so in the case of BCP,
which tends to crystallize fast.'»** The thickness of 9 nm is too
high to permit an efficient tunnel effect. Therefore, it was
proposed that metal diffusion into the EBL during the top
electrode deposition induces defect states, which allow for
electron transport through the EBL.” In the case of inverted
OPV, there is no metallic diffusion into the EBL and the
optimum EBL thickness, 9 nm, cannot be used. Nevertheless,
since earlier studies converge toward an optimum thickness of
9 nm, it would be very interesting to overpass this bottleneck.

In the present work, to use an EBL with a thickness of 9 nm,
for the first time to our knowledge, outside perovskite-based
photovoltaic cells,’® K is introduced into the EBL of PHJ-
inverted OPVs. We show that K is very eflicient since it allows
for obtaining an improvement of the fill factor, FF, the short
circuit current, J,, and the open-circuit voltage, V. These
result in an outstanding increase of the OPV power conversion
efficiency (PCE) of 33%.
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2. EXPERIMENTAL SECTION

2.1. Organic Photovoltaic Cell Realization and
Characterization. The preparation of the ITO-coated glass
substrates and the experimental techniques used for the OPV
realization have been presented previously.”” Two types of
OPVs were realized (Figures S1 and S2, Supporting
information S.1):

o Without K: ITO/Alq;/Cg/SubPc/MoQO;/Al
e With K: ITO/K/Alq;/Cg/SubPc/MoQO;/Al

The deposition processes of Alqs, C4, SubPc, MoO3, and Al
have already been described and are recalled in Supporting
Information S.2. The deposition rates and optimum thick-
nesses have already been optimized,”® and they were controlled
using a quartz monitor. In addition to these layers already used
in OPVs, we introduced potassium into the ETL of some
OPVs. Potassium was deposited by the Joule effect under
vacuum. To obtain pure K thin films, we used potassium
dispensers provided by Saes Getters. Using such dispensers
allows for very accurate control of the deposition rate of
potassium simply by controlling the current supply. The
deposition rate used was 0.03 nm/s, and the probed thickness
of the K layer was between 0.7 and 4 nm.

All OPVs were studied using an automated I-V tester (see
Supporting Information S.3.1), while the external quantum
efficiency (EQE) was measured on apparatus built in our
laboratory (Supporting Information S.3.2).

2.2. Thin-Film Characterizations. To study the influence
of K on the properties of the stacked layers, we proceeded to
different characterizations. Some of them are original and are
described below, while some others have already been used in
our laboratory and are described in the Supporting
Information S.4: scanning electron microscopy (SEM), atomic
force microscopy (AFM), X-ray photoelectron spectroscopy
(XPS), optical transmission, and absorption measurements.

We proceeded to the electrical characterization of the ETL.
The resistivity of the Alq;-ETL being quite large, we used
specific longitudinal geometry. In this longitudinal config-
uration, aluminum electrodes were deposited onto glass
substrates that had a width of 10 mm, while the distance
between the electrodes was varied from 100 to 1000 pm
(Figure S3, Supporting Information S1.3). To avoid very high
resistances, the thickness of the Alq, layer was 90 nm and that
of the K layer was 15 nm, ie., the K/Alg; ratio was equal to
that of the optimum ETL. The metal of the electrode was
aluminum, as it is often used in classical OPV as the cathode
above the Alq; exciton blocking layer.

3. EXPERIMENTAL RESULTS

3.1. Solar Cell Characterization. As mentioned above, it
is known that in the case of PHJ-CLASSICAL OPVs, the
optimum thickness of the EBL is 9 nm, whatever the material
used, BCP, Alqs, or any other molecule with a similar band
structure.'*”'® Therefore, in the present study, we used this
thickness for the EBL. The PHJ-inverted OPVs were fabricated
with the architecture of ITO (100 nm)/EBL/Cg, (45 nm)/
SubPc (16 nm)/MoO; (7 nm)/Al (100 nm), with the EBL =
Alg; (9 nm) or K (x nm)/Alq; (9 nm) (Figures S1 and S2,
Supporting Information S.1).

To be sure that the results are reproducible, we have probed
at least five series of nine inverted OPVs for each EBL.

Surprisingly, some good results can be obtained utilizing
Alg; EBL of thickness 9 nm (Figure 1). Nevertheless, with nine

https://dx.doi.org/10.1021/acsomega.0c05259
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Figure 1. Typical J—V characteristics of inverted OPVs such as ITO/
EBL/Cg,/SubPc/MoQ,/Al, with EBL = Alg; (9 nm) (a, b) and EBL
=K (1.5 nm)/Alg; (9 nm) (c).

cells being realized for each run of deposition, a large scatter of
results was obtained. For instance, the shape of the J—V
characteristics of two inverted OPVs deposited during the
same run can be significantly different. One exhibits a classical
“diode shape” (curve a), while the second exhibits an “S-
shaped curve” (curve b), which induces smaller PCE (Figure
1). Such scattered results are due to the large thickness of the
insulating EBL. This is discussed below. Therefore, to try to
overpass this bottleneck, we have added a thin K layer at the
ITO/Alq; interface. In terms of absolute value, the work
function of K is very small, Wgg = 2.5 eV, which must improve
the band matching between the ITO cathode and the organic
layer. The curve obtained after introduction of K corresponds
to the curve ¢ (Figure 1). We can observe that K allows for the
strong improvement of all of the inverted OPV parameters,
mainly the fill factor FF and the short circuit current ], while
the open-circuit voltage, V,, increases more moderately. The
result of all of these improvements is a remarkable increase in
PCE of the inverted OPVs.

The best cell performances were V. = 1.01 V, J. = 7.68
mA/cm? FF = 65%, and PCE = 5.00% for the PHJ-inverted
OPV with a hybrid EBL such as K (1.5 nm)/Alg; (9 nm),
while they were V,. = 0.99 V, J. = 6.12 mA/cm?, FF = 61%,
and PCE = 3.76% when the EBL only contained Alq; (9 nm).
This means that due to the presence of K, the PCE of the PHJ-
inverted OPVs is enhanced by more than 33%. It must be
mentioned that in the case of the PHJ-inverted OPV with S-
shaped characteristics, the measured parameters were V. = 0.9
V, J. = 5.59 mA/cm? FF = 60%, and PCE = 3.06%. It is
obvious that inverted OPVs with the K/Alq; ETL show

strongly improved photovoltaic properties and better charge
extraction efficiency.

We have used the thickness of the K layer as a parameter.
The study shows that PHJ-inverted OPV performances are
highly sensitive to the K layer thickness (Table 1). First, the
power conversion efficiency increases up to a K layer thickness
of 1.5 nm, mainly due to ], and FF, and beyond this thickness,
it decreases, mainly due to V. and FF deterioration.

It can be concluded from this study that the PHJ-inverted
OPV performances depend strongly on the K layer thickness.

After probing the influence of the K layer thickness, we
checked the influence of the thickness of the Alg; layer with
and without potassium (Table 1). Without K, for the thinner
Alqs layer, 6 nm instead of 9 nm, the performance of the PHJ-
inverted OPVs is lower. Such a result confirms a previous study
dedicated to PHJ-inverted OPVs using a different electron
donor.”® In the presence of K, since optimum performance is
obtained for 1.5 nm of K, while it decreases for the thicker K
layer, we probed the thicker Alq, layer, but here too there is no
improvement in the performances.

To understand the origin for the increase of J,. resulting
from the use of the hybrid EBL, we measured the external
quantum efficiency of devices with typical EBL: Alg; alone (9
nm); K alone (1.5 nm); and the hybrid EBL, K (1.5 nm)/Alg;
(9 nm) (Figure 2).

x10° : : : :
L v/V j
04 _v/vv\ v/ \ 4
. EBL )
/
03 v\v ' A4 |
:\; \ K/A|q3 v
~ VyyVVvvvY
<u§ 0.2F ° E
w ° 9\
L /e s e )
c/. \.\ ,o." \
0.1}/ ®e0cescsccceec”’ -
® oY
K A\
o
0 O 1 L 1 L 1 \.X!VV-
400 500 600 700
A (nm)

Figure 2. EQE spectra recorded of PHJ-inverted OPVs for different
EBLs: (blue solid inverted triangle) K (1.5 nm)/Alq; (9 nm), (green
solid triangle) Alq3 (9 nm), and (red solid circle) K (1.5 nm).

If we compare the overall shape of the EQE spectra of PHJ-
inverted OPV to that of the absorption spectra, we can

Table 1. Averaged Performance Parameters of PHJ-Inverted OPVs with Different K and Alq; Layer Thicknesses

ETL
K (nm) Alg; (nm) Voe (V) Jse (mA/em?)
0 6 0.94 + 0.05 5.5+ 06
0 9 0.94 + 0.05 5.6+ 0.6
0.7 9 0.95 + 0.04 570 + 04
LS 9 1.00 + 0.02 7.30 + 04
L5 12 0.93 + 0.03 670 + 0.4
25 9 0.92 + 0.03 645 + 04
4 9 0.85 + 0.04 6.50 + 0.5
LS 0 0.83 + 0.04 525 + 04
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FF (%) PCE (%) R, (Q) Ry, (Q)
48 + 4 245 + 0.75 40 1200
S7+4 3.00 + 0.65 20 1800
60 +2 3.20 + 0.50 20 1500
63 £2 4.60 + 0.40 15 1600
S8 +3 3.53 + 0.40 30 1000
S§+2 3.30 + 0.40 15 1000
S0+3 2.75 £ 50 15 1000
43 £3 1.90 £+ 0.50 15 1000
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attribute the EQE signal to the different contributions of each
constituent (Figures 2, 3, and S5.1).
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Figure 3. Absorption spectra of ITO/EBL/Cgy/SubPc with K (black
line), Alq; (red dashed line), and K/Alq; (green dashed-dotted line)
as the EBL.

In the EQE spectra, the response situated between 500 and
650 nm corresponds to a contribution of SubPc. The signal
below 400 nm corresponds to the second absorption band of
SubPc and that of Cg, while the intermediate domain between
these two contributions must mainly be attributed to Cy,.
Therefore, both organic layers participate in exciton creation,
the main contributions being by SubPc.

From the three different absorption spectra, it can be seen
that when K alone is the EBL, the absorption coefficient is
smaller than those obtained with other EBLs, while it is not so
different for the other two EBLs. Regarding the EQE spectra,
the smaller signal obtained when K is the EBL is in good
agreement with the corresponding J,. values deduced from the
J—V characteristics. In the case of the other EBLs, the signal
due to SubPc obtained with K/Alq; as the EBL is clearly
higher than that obtained with Alq; alone. Even if it is less
spectacular, the signal is also higher in the intermediate
domain, which corresponds to the Cg4, contribution. The whole
spectra show that the ratio of the J,. obtained with the hybrid
EBL to the ], obtained with Alq; alone is 1.2, which is in good
agreement with the value deduced from the J—V character-
istics.

Finally, we proceeded to an aging-effect study. Following the
protocol proposed in ref 28, the procedure used to study the
aging process of the PHJ-inverted OPVs corresponds to the
intermediate level labeled “level 2”. The operational lifetimes
have been measured under AMIL.5, in air and at room
temperature, 25 °C. The process used was as follows: between
every measure, samples were stored in air and in daylight, the
cells being in open-circuit conditions. This process is called
“Intermittent illumination”. Typical degradation curves show
that, as usual, the power conversion efficiency first drops fast
and then more slowly (Figure 4). It appears that K
incorporation into the EBL does not decrease the lifetime of
the PHJ-inverted OPV; on the contrary, it appears to increase
its stability.

If we take into account the operational lifetime t77y,,, which
is defined as the time at which the initial performances have
been divided by 2, in the case of the hybrid EBL, tr,, is
around 40 h, while it is around 20 h for Alq; EBL.* For the
first time, this preliminary study shows that the presence of K,
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Figure 4. Variation with time of the normalized efliciency of PHJ-
inverted OPVs with K/Alq; (black solid square) and Alqs (red solid
circle) as EBLs.

despite its low work function value, does not penalize the
lifetime of the PHJ-inverted OPVs. In the case of organic light-
emitting diodes, it was shown that when the electron-injecting
material is changed from LiF to LiCoO,, there is a significant
improvement of the lifetime.”® This lifetime increase is
attributed to the fact that during deposition there is LiCoO,
decomposition and formation of LiO, which has been reported
to reduce the destructive interaction between the cathode and
Alg;.”" In the case of OPVs, similar lifetime improvement was
obtained by substituting CsCO; with LiF, which delayed
oxygen contamination of the organic materials.”” It is
concluded that oxides, such as LiO, CsCO;, etc., allow for
the improvement of the lifetime of the devices. In the present
work, the presence of K, which, as we see in the next
paragraph, is oxidized, may play the same positive role in the
OPYV lifetime.

3.2. Thin-Film Characterizations. To understand the
effect of K on the OPV properties, we conducted
complementary characterizations. The resistivity of the EBL
was estimated using transversal structures. The thicknesses of
the different layers were 100 nm for ITO, 1.5 nm for K, and 9
nm for Alqs, while that of C4, was 90 nm and that of Al was
100 nm. The thickness of the Cg, layer was double that used in
the inverted OPVs to avoid leakage currents. Such a device
configuration is known as an electron-only device.”* ITO being
the anode and Al the cathode, the J—V characteristics depend
strongly on the presence or absence of K (Figure S). A ratio of
3 orders of magnitude was measured for the current.

The resistivity ratio deduced from the resistance measured
on transversal structures is of 3 orders of magnitude, with
resistivity values of 5.5 X 10* Q/cm in the case of K/ Alg; and
6.5 X 10" Q/cm in the case of Alqs. This resistivity ratio was in
agreement with the results obtained using longitudinal
structures, even if in this case the gap between electrodes
ranges from 100 to 1000 ym, which is very far from the actual
device thickness that induces high uncertainty (see Figure S3,
Supporting Information S1.3).

Typical J—V characteristics of electron-only devices with a
thickness of 100 nm exhibit a classical behavior for this kind of
device. After showing an ohmic dependence at low voltage,
they then exhibit a nearly quadratic dependence of current
with voltage. Such dependence indicates a space charge limited
current (SCLC) mechanism. Therefore, the carrier mobility
can be estimated using the Mott—Gurney law”’
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Figure S. J—V characteristics of ITO/Alqs/Cqy/Al (black solid
square) and ITO/K/Alqs/Cyy/Al (red solid circle) structures.

J = 9/8¢.equV?*/L’ 1)
where ¢, is the relative permittivity, &, is the permittivity in
vacuum, /4, is the electron mobility, V is the applied voltage, L
is the active layer thickness, and ] is the current density. The
electron mobility deduced for Alg; is p, = 1.1 X 1077 cm/(V
s). This value is close to the mobility of Alq, that is already
published.”” In the presence of K, the mobility is significantly
higher with y, = 7 X 107° cm/(V s).

Therefore, it observed that K doping into Alqs increases the
electron mobility and conductivity.

Such a high resistivity decrease should be due to K diffusion
into the Alqs layer. For the first time, we have checked the
presence of K in the samples ITO/K/Alq; using energy-
dispersive spectrometry (EDS). This attests to the presence of
K (Figure SS.2, Supporting Information), but the layers being
very thin, it is impossible to quantify the results. Moreover,
with the depth resolution of this technique being much less
than the whole thickness of the K/Alqs bilayer, it is impossible
to conclude when a possible diffusion of K occurs.

To check if K diffuses into Alqs;, we have used glass/ITO
(100 nm)/Alg; (9 nm) and glass/ITO (100 nm)/K (1.5 nm)/
Alg; (9 nm) structures for an XPS study.

From the survey spectra, it can be concluded that the rate of
overlap of the ITO by the EBL layer is not completely
homogeneous, as evidenced by the presence of In and Sn peaks
(Figure 6). Nevertheless, no contaminant is detected since C
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Figure 6. Survey spectra of ITO/Alq, (black dashed line) and ITO/
K/Algs (red line). The inset shows the C 1s window with K 2p clearly
visible in the case of ITO/K/Alq;.
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Is, O 1s, and N 1s peaks are obtained from Alg;. More
interestingly, it can be seen in the inset of the figure that while
K is absent in the spectrum of the ITO/Alg; bilayer, it is
clearly visible in that of ITO/K/Alq;. This implies that K
diffused into the Alqs layer. It can be concluded from this XPS
approach that there is spontaneous incorporation of K into
Algs; moreover, the binding energy of the K 2p doublet (K
2p1, = 295.6 €V; K 2p; 5, = 292.8 V) shows that it is oxidized.

With the hybrid EBL being quite thin, to check more
carefully the diffusion of K into Alq,, we probed samples with
the same K/Alq; thickness ratio but using thicker layers, i.e.,, K
(5 nm)/Alg, (40 nm), instead of K (1.5 nm)/Alg; (9 nm). It
can be seen in Figure S5.8 that the signal due to K is still
clearly visible at the surface of the bilayer K/Alq;. This result
confirms K diffusion into Alq;. On the other hand, from Figure
S5.9, it can be deduced that the valence band value of Alqj; is
situated at around 1.82 eV below the Fermi level. When K is
introduced, the valence band value of K/Alq; shifts toward
2.70 eV.

Besides, we have investigated a series of SEM images to
check the effect of K incorporation on inverted OPVs. First, we
found that after K incorporation, the density of clusters visible
at the surface of the Alqs layer increases (Figures 7 and S5.3).

To check the morphology difference induced by the
presence of K in the EBL, we conducted an AFM study. The
AFM images of ITO/Alq; and ITO/K (1.5 nm)/Alg; (9 nm)
cathodes confirm the difference in cluster density evidenced by
the SEM study (Figure 8). The root-mean-square (RMS)
roughness of ITO/Alg; (9 nm) and ITO/K (1.5 nm)/Alq; (9
nm) coated ITO was 2 and 2.5 nm, respectively. An AFM
image corresponding to an EBL such as K (2.5 nm)/Alq; (9
nm) is presented in Figure S5.4. Its RMS roughness is 7.5 nm,
which shows that it increases with the thickness of the K layer.

It was shown that the presence or absence of K in the EBL
disturbs the absorption spectra of the PHJ-inverted OPV.
Nevertheless, all cathodes possess similar transmission, very
close to that of the ITO (Figure SS.5, Supporting
Information). The absorption threshold of the EBL with or
without K is the same, which means that there is no large
band-gap modification.

Therefore, we next conducted a careful SEM study of the
PHJ-inverted OPVs with and without K to check if the
morphology of the devices could explain these perturbations.
We present the images of the cross sections of more typical
examples, i.e., cells in which the EBL consist of a K layer alone
(1.5 nm), a Alg, layer alone (9 nm), and a hybrid EBL K (1.5
nm)/Alg; (9 nm) (Figure 9). While the cross section of the
PHJ-inverted OPV with Alq; as the EBL is homogeneous, that
with K is not. When K is the ETL, a succession of bumps and
hollow areas is clearly visible. The dependence of the
morphology on the EBL is visible all along the cross section
(Figure S5.6, Supporting information). These inhomogene-
ities, mediated by K, can induce light leakage paths, which can
justify the lesser absorption of these devices. In the case of K/
Alg; EBL, no such paths are visible. The cross section is
homogeneous, and only some small heaps are present at the
surface of the device. The thickness of the whole structure
(K)/Alg;/Cg/SubPc is around 70 nm, which corresponds to
the expected value. In the case of the structure K/Cgx,/SubPc,
the thickness varies between 60 and 90 nm due to the
inhomogeneities. Regarding the composition of the heaps
present at the surface of the structures, it can be noted that as
expected, they have the same composition as the rest of the
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Figure 9. Images of the cross sections of ITO/EBL/Cg,/SubPc structures with EBL: (a) = Alqs, (b) = K, and (c) = K/Alqs.

layer, as testified by the images in secondary electrons and the
backscattering mode (Figure SS.7, Supporting information).

4. DISCUSSION

Before discussing the new results obtained in the present work,
we must summarize earlier studies dedicated to the interaction
between different alkalines and Alg;. Actually, some alkali
compounds, such as LiF and different Cs compounds, have
already been used to improve the organic material/cathode
interface. A short presentation of these studies may help us in
understanding the positive effect of K on OPV performances.
First of all, it must be noted that some fundamental studies
dedicated to the interaction of Alq; with K have been
published.”*® For instance, it was shown that the interaction
between Alq; and K does not induce any isomerization of Alqs,
while the energy transport gap of Alq; of 3.05 eV was seen after
K intercalation, which is slightly higher than the optical band
gap E, = 2.9 eV. This shows that K does not induce any band-
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gap decrease, which retains its potential as an exciton blocking
layer.

Regarding LiF, it is well known that it is very efficient as an
electron-injection (collection) layer, which was interpreted in
terms of dissociation of LiF and subsequent Li doping in the
organic material or large interface dipole, which induces the
lowest unoccupied molecular orbital (LUMO) of the electron
acceptor to move close to the Fermi level of the cathode or a
tunneling increase by insulating the interface layer.”” More
precisely, in the case of deposition of an alkaline metal or
compound onto a Alg; layer, due to the low work function of
the alkaline, there is no Alq; structure modification but
formation of Alq;”~ and Li* radicals.®® This effect was
experimentally studied in the case of LiF/Alqs;, which results
in an enhanced electron exchange between the cathode and the
electron acceptor. This enhancement may be attributed to a
decrease of the barrier between the cathode Fermi level and
the highest occupied molecular orbital (HOMO) of the
electron donor, decreasing the cathode work function and/or
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creating a voltage drop across the interface layer through
dipole formation.

Similar results were obtained when a Cs material was
substituted with LiF. There is at least partial decomposition of
Cs compounds during their deposition by thermal evaporation.
Therefore, when deposited between the cathode and the Alg,
layer, Cs" behaves as Li*, which improves significantly the
optoelectronic device performance. In the case of organic light-
emitting diodes, the deposition of CsN; between the cathode
and the Alq; layer induces significant enhancement of light-
emitting diode performance. This is attributed to n-type
doping with Cs deposition onto Alg; and the correspondin
decrease of the barrier height at the cathode/Alq; interface.’
A similar effect has been evidenced when CsOH is introduced
between the cathode and the Alg; layer.*” An electrical study
of electron-only devices, Al/Cs,CO;/Alq;/Cs,CO5/Al, shows
that the electron mobility is 2 orders of magnitude higher when
Cs,CO; is present at the Al/Alq; interfaces.”* This is attributed
to charge transfer between Cs,CO; and Alqs;, which induces
Alg; doping and Alq; Fermi level shift toward the Alq; LUMO
level.

We can then use these results to discuss the present results.
First, S-shaped J—V curves obtained with Alq; as the EBL have
already been obtained. Sometimes they are present only under
light conditions, in which case they are attributed to the
disequilibrium of charge carrier densities present in the active
layer due to a very large mobility difference between electrons
and holes.*"** In other cases, the S-shape is present under light
and dark conditions. Such behavior is attributed to the
presence of, at least, one rectifying contact.”** This
hypothesis is in agreement with electric simulation, which
shows that it is necessary to introduce an opposite diode in the
electrical equivalent circuit to obtain a good fit between the
experimental and theoretical J—V characteristics."* Here, the
J—V characteristics exhibit S-shaped curves, regardless of the
light environment, Figure 1 (curves [ll). The purpose of this
work is not to further study this effect but simply to explain its
presence. As mentioned above, the EBL thickness, 9 nm, is too
high to permit an efficient electron tunnel effect. Therefore,
electrons must accumulate at the Cg/Alq; interface, which
creates an electric field that opposes the passage of electrons.
This results in S-shaped curves. The good results obtained
(Figure 1, curve c) can be attributed to variations in the EBL
thickness. Actually, the XPS study has shown that In and Sn of
ITO are clearly visible in the survey spectra of the EBLs, which
means that there are some areas where the ABL thickness is
thin enough to permit the detection of In and Sn by surface
analysis and therefore to also permit an efficient passage of
electrons by the tunnel effect. This justifies that if it is possible
to obtain satisfactory results with this type of cell, there is a
great dispersion of the results. Therefore, it is necessary to
improve the properties of the EBL to suppress the parasite
diode eftect. This diode effect is due to the poor band
matching at the organic material/cathode interface and to the
high resistivity of the EBL. Therefore, it is necessary to
improve the band matching and the EBL conductivity. These
goals are achieved using a hybrid EBL, K/Alqg;. As shown by
the XPS study, the valence band shift due to K, 0.9 eV, is of the
same order of magnitude as that measured when CsNj is
deposited onto Algs.*” This shift was shown to be efficient in
decreasing the injection barrier height at the cathode/Alq;
interface. A similar effect is described when other Cs
compounds are introduced between ITO and Alg;.** More-
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over, as shown by the SCLC study, the presence of K
significantly increases the electron mobility. Therefore, by an
analogy among these studies, and following the preceding
study discussed above,””* it can be concluded that the
presence of K induces a decrease of the barrier height at the
ITO/Alq; interface.

The increase of FF means that the K/Alq; EBL collects
charge more efficiently and decreases charge recombination.
Regarding the J—V characteristics of the electron-only devices
ITO/EBL/Cgy/Al (EBL = Alq; or K/Alg;), with ITO being
used as the cathode in experiments, the current observed is due
to electron injection from ITO. Therefore, the 3 orders of
magnitude measured are due to the far better injection
properties of the K/Algq; EBL. K incorporation not only
increases the EBL conductivity but also reduces the interfacial
recombination. The EQE spectrum of the PHJ-OPV with K is
improved in nearly the whole wavelength range up to 600 nm,
which is consistent with the J. improvement.

Nevertheless, K increases not only the efficiency of the EBL
but also its surface roughness, which can create shunt paths.
Actually, the active-film thickness being small, any defects in its
growth due to the presence of surface protuberances of the
substrate induces performance limitation through an increase
of the leakage current. This effect is corroborated by the
measured values of the dark current: at V.= —0.1V, J is 2 X
107 3 X 107 and 30 X 10™* mA/cm? when the thickness of
the K layer is 0, 1.5, and 2.5 nm, respectively. Such an effect
results in a decrease of FF and V_, when K overpasses a critical
value, here 1.5 nm.

5. CONCLUSIONS

Interfacial layers, inserted between the organic active layer and
the electrodes, play a critical role in determining the power
conversion efficiency of OPVs. Actually, we used different
ETLs in inverted OPVs with the structure of ITO/ETL/Cg,/
SubPc/MoO;/Al In this study, a K layer inserted at the ITO/
Alq; interface forms a hybrid K/Alq; EBL, which modifies
cathode properties by overpassing the disadvantages of the
insulating property of Alqs;, meanwhile retaining its exciton
blocking properties.

It is shown that the decisive role of K doping can be
attributed to a reduction of the electron collection barrier and
an increase of the conductivity of the EBL layer. We found that
K incorporation into the EBL layer realized an obvious
increase in the power conversion efficiency of PHJ-
INVERTED OPVs. The main reason for this improvement is
the effective doping of the EBL by K, which increases the EBL
conductivity and decreases the barrier height at the ITO/Cq,
interface. The best performance is achieved when the K layer
thickness is 1.5 nm.

The PHJ-INVERTED OPV with the best power conversion
efficiency of 4.56% was achieved with the K/Alq; hybrid EBL,
which corresponds to an improvement of the INVERTED
OPV efficiency of more than 33%.
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