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The change in the morphology of plastic solar cells was studied by means of time-resolved energy
dispersive x-ray reflectivity (XRR). This unconventional application of the XRR technique allowed
the follow up of in situ morphological evolution of an organic photovoltaic device upon working.
The study consisted of three steps: A preliminary set of XRR measurements on various samples
representing the intermediate stages of cell construction, which provided accurate data regarding the
electronic densities of the different layers; the verification of the morphological stability of the
device under ambient condition; a real-time collection of XRR patterns, both in the dark and during
15 h in artificial light conditions which allowed the changes in the system morphology at the
electrode-active layer interface to be monitored. In this way, a progressive thickening of this
interface, responsible for a reduction in the performances of the device, was observed directly.

© 2005 American Institute of Physics. [DOL: 10.1063/1.2128069]

In the engineering of plastic photovoltaic (PV)
devices,]’2 several requirements must be fulfilled both in the
choice of the materials and in the technology adopted. The
materials used need to be intrinsically stable, characterized
by high glass transition temperatures, and structurally resis-
tant to cooling or heating. Furthermore, efficient purification
methods, a water- and oxygen-free fabrication technique, and
encapsulation of the structures after production are necessary
conditions in cell construction.

A crucial problem to overcome in organic PV cell tech-
nology is device delg,rradaltion.l4 First, it is important to in-
crease the device efficiency, this is because heating due to
unconverted light can eventually damage the cells. Second,
the devices need to be stable under storage conditions, while
exposed to sunlight and under reduction or oxidation condi-
tions. The main degradation agents, as reported in the litera-
ture, may have photochemical,5’6 electrochemical,7 or
structural” origins. Of particular concern is the fact that elec-
trodes may react with the organic layer molecules: Metal
diffusion from indium tin oxide (ITO) into polymers may
occur [as has been observed in organic light emitting diodes
of similar architecture]9 and photooxydation with oxygen
at the interface electrode polymer can also be induced by
illumination.

In recent years, using a variety of methods, several au-
thors have studied various types of organic solar cells.'*"?
Nevertheless, the measurements were focused on electrical
properties, efficiency and the response of the devices, "
while the structural and morphological changes accompany-
ing the exposure to sunlight have not been accurately
investigated.14 Therefore, the possibility of monitoring the
changes experienced by the morphological parameters
(thicknesses and roughness) in situ at the electrode-organic
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layer interface, very sensitive to the possible reaction or
diffusion processes involving the two materials, appears to
be extremely useful. This would be an important step toward
the detection of undesirable aging effects, which limit the
present applications of the device, and it would give, as
feedback, useful indications for exploring the architecture of
new cell.

The XRR technique, commonly used to probe the prop-
erties of surfaces and interfaces of layered samples (films
deposited on substrates, multilayers, superlattices etc.),” is
based on the Snell rule applied to x-rays.16 In the energy
dispersive mode a polychromatic primary x-ray beam is used
and the reflection patterns are collected at a fixed angle, by
an ED solid-state detector.'”'® The use of EDXRR in situ
prevents the problem of possible systematic errors in the re-
moval and repositioning of the sample and allows the time
evolution of the film morphology to be followed with
extreme accuracy.lg’21

The bulk heterojunction solar cells used in this study
were made from methano-fullerene[6, 6]-phenyl Cg;-butyric
acid methyl ester, denoted as PCBM, and MDMO-PPV.

A ratio of 1:4 for MDMO-PPV:PCBM was used for the
realization of the active layer, which had a thickness of
80 nm. The cells consisted of an ITO substrate cleaned in an
ultrasonic bath with acetone and isopropanol, and oven
dried. The active layer of MDMO-PPV: PCBM was depos-
ited by spincasting from a chlorobenzene solution and the
devices were completed by deposition of an aluminium layer
(with a nominal thickness of 110 nm) through a shadow
mask with 6 mm diameter openings. The active surface
of these devices is 0.32 cm?. Realization and initial electrical
characterization of the cell were done under controlled
atmospheric conditions (Fig. 1).

The EDXRR measurements were performed using a
noncommercial  laboratory energy dispersive  x-ray
reflectometer.’” The white incident beam is produced by a
standard 2 kW tungsten anode x-ray tube and detection is
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FIG. 1. The J/V characteristics under simulated AM1.5, 100 mW/cm? illu-
mination of the bulk heterojunction device. The cell configuration is given in
the inset. The PV parameters are V,.=0.715V, J =49 mA/cm?,
FF=0.54, and 7=1.85%.

accomplished by a EG&G high-purity germanium solid-state
detector. The energy resolution AE/E is ~1.5% in the en-
ergy range of interest (20-50 keV). Neither monochromator
nor goniometer are required in the ED mode.

The cell under measurement was placed in an Xx-ray
transparent chamber under controlled atmosphericc condi-
tions of N, gas flux to prevent contact with external oxida-
tion agents, to be measured by EDXRR. The experimental
approach consisted of a three-stage investigation. First, pre-
cursory ex situ XRR measurements were performed on the
intermediate stages of cell construction in order to determine
the electronic densities of the different layers. The morpho-
logical stability of the device under ambient conditions,
when stored in the dark, was then verified, repeating the
EDXRR ex situ measurements at different times (initially
two sets of standard measurement). Finally, an in sifu experi-
ment, consisting of collecting a series of XRR spectra, each
acquired for 30 min, over a total observation time of about
16 h was performed (third set of measurement).

In the case of a multilayered sample, the total XRR pat-
terns are formed by the superposition of the signals coming
from the various layers. Therefore, preliminary x-ray reflec-
tivity measurements on three different samples, correspond-
ing to successive stages of the cell construction, were carried
out to identify the contributions of each layer to the overall
cell reflection patterns (first set of measurement) separately
(Fig. 2).The electronic densities obtained in this way will be
used as fixed parameters in the Parrat formula® utilized to fit
the data.

Before proceeding with the in situ experiment, the sta-
bility of the device, under ambient condition was verified by
ex situ EDXRR measurements (second set of measurement,
performed keeping the cell in the dark). The inset of Fig. 3
shows that no change in the spectra is visible, even repeating
the measurement after some months, which demonstrates
that the cell morphology is stable for long times if the cell is
not illuminated.

The results of the in situ EDXRR measurements on a
solar cell, performed under controlled atmospheric condi-
tions and, upon illumination, are reported in Fig. 3 (third set
of measurements). The two initial patterns were collected
keeping the cell in the dark (first hour) and, then, a sequence
of 30 patterns were collected during the illumination of the
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FIG. 2. The XRR measurements performed on three different samples,
corresponding to subsequent stages of the cell construction: (1)
Glass/ITO/MDMO-PPV +PCBM, 2) glass/ITO, and (3)
glass/ITO/MDMO-PPV +PCBM/AI. The accurate determination of the
critical edge of the EDXRR patterns, via the fit of the reflection curve (R.L.)
derivative, allows us to calculate the electronic densities of the various lay-
ers: (1) Organic film p=8.5X1075 A% (2) ITO electrode p=2.06
X 107* A=2; and (3) Al electrode p=5.35X 10~* A=2, The intensity drop-off
indicated as (b) is the In adsorption edge.

cell by a white lamp (10 mW/cm?) for the subsequent 15 h.

The reflectivity profiles are shifted in height for clarity.
Each reflectivity curve is quite complicated, being the result
of the different contributions of the various layers and, at
high g values, small angle scattering from the glass is also
present. The oscillations visible between 0.010 A~! and
0.013 A~! are due to the Al film and the fit of the data,
according to Parrat model,22 allows its thickness to be deter-
mined. Since the film thickness is proportional to the number
of oscillations present in the observed ¢ range of the EDXRR
pattern, its determination is not limited by the spectral reso-
lution, which influences the oscillation shape (broadening the
sharp features) but not their wavelength.

The first two curves (bottom curves in Fig. 3), collected
before the illumination of the cell was initiated, are identical,
while as the cell is illuminated, a change in the EDXRR
profiles is visible: The slight change in the period of the

<

Reflected Intensity (a.u.)

Reflected Intensity Log scale (a.u.)

2

0.08 0.10 0.12 014 0.16 0.18
scattering parameter (A’l)

FIG. 3. In situ EDXRR measurements of the solar cell, collected under
controlled atmosphere and upon illumination. The reflectivity profiles are
shifted in height for clarity. Inset: the ex situ EDXRR measurements carried
out at a distance of several months on the same cell.
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FIG. 4. Al film thickness d(¢) and roughness o(f) as a function of time,
obtained by fitting the spectra of Fig. 3 using Parrat’s model (Ref. 22). The
solid lines represent the fit of the data points according to two independent
Boltzman growth functions, x(1)=x,+(x,—x,) (1-exp-(¢/7) . The amplitude
and time constant of the first process are Ax=10 A and 7=6 h. The second
process is activated when the first one is almost concluded (Ax=20 A,
=11 h).

oscillations is related to the increase in Al film thickness
d.>™ The characteristic feature of the EDXRR sequence is
a continuous shift of the minima (of the oscillations between
0.010 A" and 0.013 A~") toward lower ¢ values, which is
visible even by the naked eye. Since the Al film thickness d
is connected to the oscillation period of the curves in Fig. 3
(Ag) by the approximate relation d=2m/Agq, this shift wit-
nesses the increase of d as a consequence of the exposure to
light. This observation assures that no artifact can be intro-
duced by the fit procedure. Indeed, the general characteristics
of the d(¢) curve are known a priori and the fit result must be
in agreement with them.

Two possible explanations can be given for the electrode
thickening. One is that the Al film growth is due to the for-
mation of an aluminium oxide layer at the film surface and at
its interface with the organic film consequent to a photo-
oxidation reaction. In this case, the thickening is a “real”
effect. Alternatively, the increase in the metal electrode
thickness could be “apparent” and might be produced by the
formation of a layer at the Al-organic film interface due to
indium diffusion from the ITO.? Indeed, in the latter case,
since the electronic scattering length density of the resulting
layer is very close to that of pure Al, the change in the
EDXRR signal would be indistinguishable from that due to a
thickening of the Al film.*

The changes in the two morphological parameters are
quantified in more rigorous terms by analyzing all the reflec-
tion patterns acquired. The thickness and roughness (o) ver-
sus time curve is plotted in Fig. 4. As expected, the Al film
thickness increases upon illumination of the cell, from an
initial value of 1111 A to a final value of approximately
1137 A (exact values as measured by EDXRR, the original
Al layer being slightly thicker than the nominal one).

The o versus ¢ curve is plotted in Fig. 4(b), showing that
the parameter remains almost unchanged [10.5(5) A]. This
may indicate either that the observed process is limited to the
interface between the Al and the organic film, or that the
thickening process proceeds smoothly (as expected in the
hypothesis of an oxidation process).

A last comment regarding the actual shape of the d ver-
sus ¢ curve. In Fig. 4, the high statistical accuracy of the data
allow us to reveal a more complex behavior not fully repro-
duced by a simple Boltzman sigmoidal curve, x(r)=x;+(x,
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—x)[1-exp—(#/7)], which describes the case of the progres-
sive increase of a given parameter x, from its initial value x;
up to its asymptotical value x, (saturation), in a characteristic
time 7. In the present case, x(¢) represents the evolution over
time of the film thickness as obtained from the curves in
Figs. 4(a). The modulation in the d(¢) plot suggests that two
independent photoinduced phenomena are occurring, with
different characteristic times. Therefore, two Boltzman sig-
moidal curves were used in the fit. It can be noticed that the
first process is almost concluded when the second starts to be
activated.

In summary, the morphology of the PV device is shown
to be stable upon storage in the dark. On the contrary, an
increase of the Al electrode thickness is visible upon illumi-
nation: After an increase of about 30 A, the thickening pro-
cess is concluded in 13 h. Furthermore, the high statistical
accuracy of the time-resolved EDXRR data allowed us to
detect a two-step modulation in the curve describing the Al
film thickening process. Therefore, the results reported dem-
onstrate that the EDXRR technique applied in sifu is a pow-
erful nondestructive tool to investigate the aging effects at
the interface of polymer PV cells in working conditions.

The authors are grateful to A. Casling for his critical
reading of the manuscript.
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