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The stability and degradation of calcium/aluminium cathode organic solar cells are investigated in situ by
time-resolved energy dispersive X-ray reflectometry. They combine the good charge carrier separation
and transport properties of the poly(3-hexylthiophene-2,5-diyl):Cg;-butyric acid methyl ester
(P3HT:PCBM) bulk heterojunction blend and the capability of the calcium/aluminium cathode to improve

the fill factor and the open circuit voltage, with respect to aluminium cathodes cells. The study focuses on
the crucial problem of the device structural/morphological stability in working condition. It aims to
detect and control possible morphological variations at the various interfaces and to correlate these

changes to the device aging.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The latest advances in the field of plastic solar cells have
brought these very promising devices to a level at which commer-
cialisation is a realistic prospect. At present, organic PV devices
reach power conversion efficiencies as high as 6.1% [1-5] and stud-
ies of their stability are now beginning to focus on the materials
aging [6,7], the choice of the electrode [8] and the effect of encap-
sulation [9]. This research led to an increase of the lifetimes, up to
2000 h in the continuous operation mode [10].

The active layer of the cells investigated in the present study
consisted of donor-acceptor bulk heterojunctions obtained by
blending two organic materials, one acting as electron donor and
the other as electron acceptor. The high efficiency recently reached
by these devices is due to a molecular approach to PV conversion,
based on photoinduced ultra-fast electron transfer from a conju-
gated polymer to fullerene [11,12]. In the present case, poly(3-hex-
yl thiophene), widely studied for its semiconducting properties
and, currently, for its applications in photovoltaics, is used as the
donor material [13,14]. Moreover, the use of calcium/aluminium
cathode allows to improve the cell fill factor and the open circuit
voltage, with respect to cells using a simple aluminium cathode.
However, further improvements are required with regard to device
lifetime [15,16].

A key strategy to achieve this goal focuses on the optimization
of the cell architecture and, in particular, on the study of the cou-
pling of the active layer with various electron transport materials,
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as well as on the choice of the most suitable cathode. Indeed, the
cell stability under both storage and working conditions is strongly
affected by phenomena that may well occur at the interfaces be-
tween various layers. As a consequence, it is of the highest impor-
tance to detect possible reaction or diffusion processes that involve
the different elements constituting these ‘sandwich-like’ systems,
and that can be detrimental for their lifetime [17-19].

In this framework, the present study aims to validate the use of
the proposed X-ray technique for detecting interface morphologi-
cal degradation phenomena, possibly occurring in working poly-
mer PV devices.

2. Experimental methods

The cells studied are provided with an indium tin oxide (ITO)
substrate, cleaned in an ultrasonic bath with acetone, isopropanol
and rinsed in de-ionized water, dried in an oven and finally treated
with UV-ozone. The ITO layer was spin-coated with a 50 nm film of
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)  PED-
OT:PSS (Baytron PH®). The active layer of P3HT:PCBM was depos-
ited by spin-casting from an anhydrous chlorobenzene solution.
The top contact consisted of a metallic Ca layer, sealed by means
of an aluminium cap layer both deposited at a pressure of
7 x 1077 mbar. This value was chosen to obtain the best contact
between the Ca film and the organic layer, heavily dependent on
the pressure in the chamber [20]. All the cells have an active sur-
face of 32 mm?.

The experiments were based on the energy dispersive X-ray
reflectometry (EDXR) technique, which is very effective for in situ
non-destructive investigations of surface and interface properties
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of thin films and layered samples [13-16]. The theory of the ED
method, together with an overview of its applications is described
in Refs. [21,22]. Essentially, in the small angle approximation and
far from the absorption edges of the constituting materials, an X-
ray reflectivity pattern represents the reflected intensity as a func-
tion of the scattering parameter g. The latter is defined as
q = 4nsinfi = (2/hc)Esinyg, were ¥ is the deflection angle, /. is the
X-ray incident wavelength, E is the radiation energy, h is Plank’s
constant and c is the velocity of light.

Since the scattering parameter q depends on both the reflection
angle and the energy of the X-rays, it enables the reflectivity mea-
surement to be performed using a polychromatic beam and an en-
ergy scan by means of an energy sensitive detector (energy
dispersive mode) may be carried out as an alternative method to
the conventional angular dispersive mode, (which makes use of a
fixed X-ray energy and explores the reciprocal space by an angular
scan).

The morphological parameter (namely the film thickness d and
its roughness ¢) can be obtained by a fit of the data reflectivity
pattern.

The experimental apparatus consisted of a non-commercial
reflectometer [21,22] supplied with a tungsten anode X-ray tube
and of an energy sensitive detector (a EG&G high purity germa-
nium solid-state detector, with 1.5-2% energy resolution in the
15-50 keV energy range used). These two components are
mounted on two opposite benches pivoting around a common cen-
tral axis. The optical path of the X-ray beam is defined by four
adjustable slits. The Bremmsstrahlung of the X-ray tube (3 kW
power, tungsten anode) is used as the polychromatic X-ray probe
and the measurements are performed in static conditions, neither
monochromator nor goniometer being needed.

3. Results and discussion

The energy dispersive X-ray reflectometry technique was ap-
plied in situ to investigate the device’s morphological changes in
working conditions. Evidence of a degradation effect was found.
In order to interpreter the origin of this phenomenon a systematic
study was performed on a series of calcium electrode based devices
of selectively modified structure.

In particular, the calcium electrode of the cells investigated in
the present study is in direct contact with the organic film and is
sealed by an aluminium cap layer. The aluminium layer is essential
to prevent calcium oxidation, produced by the contact with ambi-
ent water vapour and oxygen. Moreover, since the organic materi-
als used as active layers may also degrade under atmospheric
conditions, encapsulation with a barrier material (characterized
by low permeation rates for water vapour and oxygen) is very use-
ful. It follows that a crucial point to be addressed, in the attempt to
enhance the durability of the devices performances over time, is
the joint effect of the morphological stability at both the cal-
cium-active layer interface and the aluminium-calcium interface
(see Fig. 1).
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Fig. 1. Sketch of the cell structure.

The samples, deposited under controlled atmosphere, were ini-
tially exposed to air (by storage in the dark at ambient conditions)
for one day. Then, they were measured under controlled atmo-
spheric conditions (N, gas flux) during illumination. The investiga-
tion was carried out in several steps.

3.1. Monitoring the stability of the aluminium cap layer in working
conditions

A first in situ experiment aimed to detect any possible photoin-
duced modification of the Al/Ca interface morphology. It was car-
ried out on a device (cell #1) with the following structure: glass/
ITO/PEDOT:PPS/P3HT:PCBM/Ca/Al A large number of X-ray reflec-
tion patterns were collected (Fig. 2). In the first part of the exper-
iment, the cell was kept in the dark (bottom pattern) and, then it
was illuminated by a white light lamp (10 mW/cm?) for several
hours. An experimental procedure was used to maximize the Al
signal with respect to that coming from the other layers, which
consisted of tilting the sample slightly under the X-ray beam, by
means of a rocking cradle. In this way, it was possible to assign
the Kiessig fringes visible in Fig. 2, to the Al film alone. The
thickness d of the film is obtained, together with its roughness o,
by a Parratt fit [23], suitably modified the energy dispersive mode
[21]:

|R\2 = {1 - 2[(Real(R = R — RiR;) exp(—2kd)]
/11 + exp(—4kd)—2Real(R,R;) exp(—2kd)]}

where R, = (ko - k)/(ko + k) is the Fresnel film reflectivity, R = (k - ks)/
(k + ks) is the Fresnel substrate reflectivity, ko = q/2 is the radiation
wave number in air and d is the film average thickness.

The quantities k and ks are the radiation wavenumbers in the
film and in the substrate, respectively, which depend on kg
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Fig. 2. Reflectivity profiles, shifted in height for clarity, relative to the Ca/Al
interface for cell #1 (glass/ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al structure) collected
under controlled atmosphere in the dark (bottom pattern) and upon illumination.
All the patterns were fitted using the Parratt’s model (the comparison of the fit with
the data is reported for the bottom spectrum, as an example) providing the values
of the morphological parameters. The curves of the Al film thickness and roughness
as a function of time, obtained by fitting all the EDXR patterns, are reported in the
inset.
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ki = (k; —4mp)'? and k, = (ki — 4np,)'?

When the surface or the interfaces are not sharp, the reflected
intensity decrease due to roughness is taken into account by intro-
ducing a Debye Waller like factor (Nevot-Croce factor [24]). Recent
results have shown the suitability of this model to interpret time-
resolved EDXR measurements of P3HT:PCBM bulk heterojunctions
in organic solar cells upon illumination [25].

As it can be noticed, the patterns of this sequence overlap. Since
no change in the oscillation period occurs, the morphology of the
Al cap layer does not undergo any modification upon working con-
ditions of the device. In particular, both the surface of the alumi-
num layer and its interface with the calcium one are stable
during illumination. This is confirmed by the results of the data fits,
i.e. the Al film thickness and roughness vs time curves are both
constant (see the inset). It is worth mentioning that the high reso-
lution of the EDXR patterns allowed for an elevated accuracy in the
data analysis, as shown by the comparison of the fit with the data
for the bottom spectrum in Fig. 2. In particular, for the film thick-
ness, the relative error in the Parratt fit is the order of 0.2%.

3.2. Monitoring the stability of the calcium electrode in working
conditions

A second critical point addressed concerned the aging of the
interface between the active layer and the Ca electrode. To retrieve
information on the cathode morphological stability, a new device,
having the same structure of the previous one, was fabricated and
measured in situ (cell #2). The results are shown in Fig. 3. The same
experimental procedure adopted previously was now applied to
maximize the Ca layer contribution. It can be noticed that the pat-
terns reported in Fig. 3 show a characteristic deformation of the
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Fig. 3. Reflectivity profiles, shifted in height for clarity, relative to the Ca/active
layer interface for cell #2 (glass/ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al structure)
collected under controlled atmosphere and upon illumination. The inset shows
the purely oscillating contribution of the first (black) and last (red) pattern. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Kiessig fringes intensity, particularly visible in the case of the
fourth oscillation. This effect can be easily explained in terms of
beats between the X-ray reflection produced by the two films, i.e.
the cathode and the aluminium layer. The reflection pattern of
each film, as discussed above, consists of an oscillating signal
whose frequency is proportional to the inverse of the film thick-
ness. Since the films have similar thicknesses, the two oscillations
interfere producing an amplitude modulation (see the inset in Fig.
3).

While the cell is being illuminated, a change in the EDXR pro-
files occurs. The modification of the patterns is hardly visible by
the naked eye. The main effect is a change in the frequency of
the Kiessig fringes, evidenced in the inset of Fig. 3, showing the
purely oscillating contribution of the first (black) and last (red) pat-
tern. Once data analysis is performed a quantitative information on
the morphological changes over time is obtained. The evolution of
the Ca cathode thickness d and its roughness ¢ over time, obtained
by processing of the EDXR patterns is reported in Fig. 4a. The d vs t
curve is well described by a simple Boltzman sigmoidal fit,
d(t)=d; +(dy — dy) (1 — exp—(t/t)), which indicates that the film
thickness increases from its original value d; =493.3 + 0.5 A to an
asymptotical value d,=501.4+0.5A, in a characteristic time 1,
of 20 h.

Therefore, the result of this second experiment is that a modifi-
cation in the EDXR profiles occurs, witnessing an increase of the Ca
thickness as a consequence of the exposure to light. It follows that
the latter effect needs to be interpreted and, possibly, inhibited.
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Fig. 4. (a) Curves of the Ca electrode thickness and roughness, obtained by fitting all
the EDXR patterns of Fig. 3, as a function of time (cell #2, glass/ITO/PEDOT:PSS/
P3HT:PCBM/Ca/Al structure). The solid line represent the fit of the data points by a
Boltzman curve. (b) Results of the EDXR measurements for cell #3 (glass/ITO/
P3HT:PCBM/Ca/Al structure): curves of the Ca film thickness and roughness as a
function of time.
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3.3. Enhancing the devices morphological stability in working
conditions

The main questions arising from these experimental results
concern the possibility of individuating the cause of the observed
morphological changes of the calcium layer and of verifying to
what extent they are connected to aging effects.

Some general considerations can be made in this respect:

A first possible explanation may be that the heating during illu-
mination promotes the diffusion of calcium ions in the polymer so
that an interface layer, consisting of a solution of calcium in the or-
ganic film, may be formed. In fact, a similar phenomenon has al-
ready been detected during the deposition of OLED based on PPV
[26]. In our case, since the EDXR technique is sensitive to the con-
trast between the scattering length densities of adjacent layers
stacked in the device, the observed increase in the metal electrode
thickness would correspond to the formation of a thin layer at the
Ca-organic film interface characterized by an electronic scattering
length density very close to that of pure calcium [27]. Strictly
speaking, an increase in density of the organic film at the interface
with the Ca layer, due to diffusion of Ca ions, should be accompa-
nied by a lowering in the electrode density. The latter, in principle,
would be revealed as a change in the position of the total reflection
edge in the EDXR patterns. However, in the present case, since the
Ca thickening is of the order of 2% only, it would produce effects
well below the detection threshold of the EDXR technique and
no relevant change in the patterns profile is expected.

An alternative explanation could be the occurrence of another
phenomenon, induced by illumination, namely calcium oxidation.
Indeed, calcium is known to rapidly undergo an oxidation process
when exposed to oxygen and moisture, which leads to the forma-
tion of a thin insulating oxide barrier [28]. In our case, since no pas-
sivating layer is expected to be initially present, because the
deposition is performed in a controlled atmosphere, an oxidation
process of the calcium layer may develop during the cell working.
Nevertheless, the oxidation of the calcium film may occur only in
the case that both oxygen and water being available to concur to
the oxidation process, since calcium does not react with oxygen
in dry atmosphere conditions [29,30]. This is the case of the PV
cells under study. Indeed, the calcium layer in the device is in con-
tact with the oxygen ions (bounded to the polymers of the organic
layer), which may be released during illumination, and photo-in-
duced oxidation may well occur. On the other hand, the organic
film was deposited on a PEDOT:PSS film, which may retain some
water from the deposition process.

The increase of the cathode thickness revealed by the EDXR
study may therefore be attributed to the formation of a CaOx layer,
characterized by an optical density close to that of the Ca film.

In the following section we discuss how the use of in situ EDXR
enables the discrimination between the two hypotheses.

In order to verify whether the degradation of the calcium layer
is caused by the oxidation of the Ca buried interface or to the cal-
cium ions diffusion process, a new cell, with the following struc-
ture glass/ITO/P3HT:PCBM/Ca/Al (cell #3) was measured by
EDXR. In this case, since no PEDOT:PSS layer is used, no residual
water is expected to be present in the device. The results are
shown in Fig. 4b, in which the curves of the Ca film thickness
and roughness as a function of time are reported. It can be noticed
that the Ca layer does not undergo any modification upon working
conditions.

The result of the experiment on cell #3 indicate that the ob-
served morphological instability of cell #2 was therefore due to
the oxidation of the metallic Ca electrode, promoted by the pres-
ence of moisture and allows the hypothesis of diffusion of calcium
ions into the organic layer to be rejected. At this point, our inves-

tigation focused on the quantification of the effect on the device
performances of the Ca electrode morphology.

3.4. Effect of the morphology on the device’s efficiency and aging

In order to quantify the damage produced by the Ca electrode
degradation process, two new cells were assembled and electri-
cally characterized under controlled atmospheric conditions. The
layer stacks were equivalent to those of the previous cells, used
for the EDXR characterization (glass/ITO/PEDOT:PPS/P3HT:PCBM/
Ca/Al):

- (Cell #4) glass/ITO/PEDOT:PPS/P3HT:PCBM/Ca/Al, i.e. equivalent
to cell #1 and cell #2.

- (Cell #5) glass/ITO/P3HT:PCBM/Ca/Al, i.e. equivalent to cell
#3,(no PEDOT:PPS layer).

Comparison of the efficiency vs time curves for the above de-
vices, under simulated AM1.5 80 mW/cm? illumination, are re-
ported in Fig. 5. The starting efficiency of the cell using the
PEDOT:PPS layer (cell #4) was an order of magnitude higher with
respect to that of the cell without the PEDOT:PPS layer (cell #5).
This is probably due to the fact that the PEDOT:PPS layer is able
to improve the contact between the ITO electrode and the organic
film, first by smoothing the ITO surface and, secondly, by better
adapting the energy levels or lowering the energy barrier [31].
On the other hand, cell #4 underwent a rapid fading and after
60 h of working its efficiency dropped to less than 20% of its initial
value and was comparable to that of cell #5. The curve relative to
cell #4 is well fitted by a fast exponential decay with a character-
istic time of 20 h, namely the same characteristic time of the pho-
toinduced electrode degradation process observed by EDXR.

Therefore, this study reports evidences that that the oxidation
of the metallic Ca electrode, observed by EDXR, caused a rapid
decrease in the efficiency of the device having a PEDOT:PPS
underlayer.

In order to combine the good morphological stability device, ob-
served in the absence of residual moisture, with an enhanced start-
ing efficiency, post deposition thermal treatments where applied
on devices using a PEDOT:PPS underlayer. As an example, the aging
curve corresponding to a cell annealed at 110 °C for 5 min is re-
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Fig. 5. Efficiency vs time curves for the following cells: Cell #4: glass/ITO/
PEDOT:PPS/P3HT:PCBM/Ca/Al (in green). Cell #5: glass/ITO/P3HT:PCBM/Ca/Al (in
blue). Cell #6: glass/ITO/PEDOT:PPS/P3HT:PCBM/Ca/Al, after post deposition
annealing at 110 °C for 5 min (in red). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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ported in Fig. 5. The starting efficiency of this device (cell #6), was
seven times higher with respect to that of the pristine cell of the
same structure (cell #5). This is due to concomitant factors, among
them the fact that the annealing procedure probably leads to a bet-
ter organisation of the material, which improves the charge mobil-
ity and, therefore, the cell efficiency.

Moreover, the annealed cell (cell #6), was essentially stable
over time and after 60 h its efficiency was reduced by 6% only, indi-
cating that no moisture was present in the PEDOT:PPS layer.

4. Conclusions

In conclusion, the degradation and stability in working condi-
tions of polymer PV devices with calcium electrodes was investi-
gated. The approach used was based on the real time monitoring
of the morphological changes occurring at the various interfaces
of the ‘sandwich like’ structure of the cells, both in the dark and
during illumination, and allowed the detection of undesirable
aging effects. In particular, the Al cap layer was found to be unaf-
fected by exposure to light, its morphology being stable over time.
Conversely, the Ca electrode was shown to be unstable, an increase
of the Ca layer thickness occurring in working conditions. This ef-
fect was attributed to the degradation of the calcium electrode
from a metallic to an oxidized state. Furthermore, the study of a
cell with a suitably modified structure demonstrated that this oxi-
dation process is related to the presence of water molecules inside
the cell, residual from the PEDOT:PSS underlayer deposition. The
effect of residual moisture was inhibited by depositing the organic
film directly onto the ITO electrode.

The observed morphological instability of the electrode buried
interface was correlated to cell aging. It was shown that post depo-
sition thermal treatments result in a significant improvement of
both the initial efficiency and the stability of the device.
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