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Abstract

We report on a joint morphological/photoelectrical study of polymer-based photovoltaic (PV) cells in working conditions. The bulk
heterojunction devices investigated are based on an active layer of poly(3-hexyl thiophene) blended with methano-fullerene, combining
good PV performances with promising stability. The set-up adopted allowed the electrical properties of the device to be directly
correlated to the modification of the electrode morphological parameters (thickness and roughness), which were obtained by in situ
energy dispersive X-ray reflectometry (EDXR). The results of this joint time-dependent characterization demonstrated how the observed
photo-induced oxidation process, limited to the buried electrode interface, is responsible for a fast decrease in the photo-current. The
time-resolved measurements allowed to rule out the dynamics of the morphological changes and showed that the interface morphology
may be stabilized by annealing treatments, with a significant improvement of the cell efficiency.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Organic photovoltaic cells, which provide low-cost
conversion of solar energy, are among the possible
solutions to present day energy problems. Although much
less efficient than silicon cells, organic solar cells exhibit a
unique combination of interesting properties, including low
cost, flexibility and the ability to cover large surfaces.
Furthermore, the latest advances in the field of plastic solar
cells have brought these devices to a level at which
commercialization is a realistic prospect. A considerable
advance in the field was obtained in the mid-1990s, when it
was demonstrated that ultra-fast electron transfer may be
photo-induced from a donor material to fullerene [1].
Nowadays, photo-induced electron transfer from a con-
jugated polymer (donor) to buckminsterfullerene Cgg
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(acceptor) is the basic mechanism utilized in polymer-
based photovoltaic cells, providing a molecular approach
to high-efficiency photovoltaic conversion. An increasing
number of research groups have recently moved towards
polythiophene and its derivatives, since devices based on
this polymer combine good photovoltaic (PV) perfor-
mances and promising stability [2-5]. Notable progress has
been made in recent years and, using poly(3-hexyl
thiophene) (P3HT) blended with methano-fullerene [6,6]-
phenyl Cg;-butyric acid methyl ester (PCBM), efficiencies
exceeding 6% [6-10] were obtained.

A more thorough inspection of the various mechanisms
involved in the conversion of solar energy is required for a
substantial improvement in this technology. The main
points which need to be addressed are the stability and
lifetime of the cells, which could be investigated by
observing the behaviour of devices based on alternative
or simplified architectures. New characterization techni-
ques are therefore of extreme importance in order to better
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understand the changes of the organic layers upon cell
working and their effect on the device’s lifetime.

With this goal, the present paper reports the first joint
photo-current and time-resolved energy dispersive X-ray
reflectometry (EDXR) characterization of this type of cells.

2. Results and discussion

In the present work, the time-resolved EDXR was used
to address the morphological stability of the electrode—
active layer interface, which is considered to be a critical
point for improvement of organic PV devices. The use of
the time-resolved EDXR technique enables the changes in
thickness and roughness of the layers of stratified systems
to be monitored [11-13].

The X-ray reflectometry is commonly utilized to probe
the properties of surfaces and interfaces of layered samples,
like films deposited on substrates, multilayers, superlattices,
etc. This technique is based on the optical properties of
X-rays, whose refraction index in a material n=1-(4*/2n)
proZ* (A=incident wavelength, p=material density, ro=
classical electron radius and Z=atomic number), although
very close to 1, is not exactly unitary. As a consequence, the
Snell rule still applies and, at the critical angle, it can be
written as [14] cosf. = n. Expanding the right-hand side
to the second order: 1—02/2 = 1—pA*ryZ*/2n, which corres-
ponds to (0./1) = Z(pro/n)"/* = constant, where 0./Ax
sinf./Aocq. (critical value of scattering parameter ¢, =
47sin 6./7).

Therefore, the variable on which the reflected intensity
actually depends is not the deflection angle only but,
rather, the scattering parameter ¢ = 4nsin /4 = (2/hc)E -
sinf (E =radiation energy, & = Plank’s constant,
¢ = velocity of light), as in the case of the X-ray diffraction.
Hence, in analogy with diffraction [14,15], two ways can be
utilized to perform the g-scan, namely, either using a
monochromatic beam and executing an angular scan
(angular dispersive (AD) mode), or using a polychromatic
X-ray beam at a fixed angle and carrying out an energy
scan (energy dispersive (ED) mode).

Although affected by a lower resolution, the ED [11]
technique has some advantages on the laboratory AD
counterpart [14] connected to the immobility of the
experimental apparatus during data collection. Indeed, in
the grazing geometry required for this kind of measure-
ments, even minimal misalignments of the sample may
induce relevant relative errors during the angular scan. In
particular, if many scans have to be carried out consecu-
tively, as in the present case, reproducibility problems that
may arise because of the mechanical movements of the
diffractometer arms are prevented by EDXR.

Finally, when laboratory sources (X-ray tubes) are used,
the data collection is shorter in ED since the number of
photons concentrated in the monochromatic fluorescence
lines (used as primary beam in AD) is much lower than the
number of photons distributed along the white Bremm-
strahlung component (primary beam in ED).

The EDXR measurements were performed using a non-
commercial laboratory energy dispersive X-ray reflect-
ometer, fully described elsewhere [11] in the working
conditions described in the experimental part.

Recent results on a similar cell, based on MDMO-PPV
(poly(2-methoxy-5-(3',7’-dimethyloctyloxy)-1,4-phenylene-
vinylene) blended with PCBM as bulk heterojunction,
showed the onset of photo-induced oxidation of the Al
electrode at the buried interface [12]. A cell with a different
structure is utilized in this study (glass/ITO/P3HT:PCBM/AL).

In order to perform the present investigation, the EDXR
set-up was modified in order to allow a direct comparison
of the structural changes with the working efficiency of the
device (see experimental section). This new set-up permits
simultaneous monitoring of the PV cell photo-current and
the morphological changes (by EDXR) in order to
correlate the oxidation process with the decline of the
device performances.

In the present paper, we also discuss the effect of a
preventive annealing process on cell morphology and
efficiency.

Since the device is a multilayered system, as shown in
Fig. 1, in order to identify the contributions of each layer
to the overall X-ray reflection signal, EDXR measurements
on samples that correspond to the subsequent stages of cell
construction were performed. The reflection patterns of
samples that correspond to such stages were compared
with the patterns of the complete cell shown in Fig. 2. In
particular, for the measurements of the cells, an experi-
mental procedure was used to maximize the Al signal with
respect to the one coming from the other layers, in
particular from indium thin oxide (ITO). It consisted of
tilting slightly the sample under the X-ray beam, by means
of a rotating cradle. In this way, it was possible to assign
the oscillations visible at lower scattering vectors (curve b
in Fig. 2) to the Al film, the period of the oscillations being
related to the film thickness d [16]. These preliminary
measurements also allowed the determination of the total
reflection edge with higher accuracy, in comparison with
previous works [12,13].

At higher scattering vectors, the effect of the presence of
the other layers is more evident, and an interference pattern
in the thickness fringes is visible. For this reason, the fit in
Fig. 2 is limited to the lower scattering vector region, where
the Al contribution is dominant.
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Fig. 1. Sketch of the device is shown.
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Fig. 2. The reflection patterns of samples corresponding to the various
stages of the cell construction are compared with the patterns of the
complete cell. The scattering length densities p. of the various layers are:
(a) glass/ITO/P3HT:PCBM, p. = 9.6(1) x 107° A (b) glass/ITO/P3HT:
PCBM/AL pe = 2.9(1) x 10> A2 (c) glass/ITO, p. = 5.6(1) x 107> A2,

Conversely, no Kiessig fringes are visible in curve ¢
(glass/ITO sample), probably due to its severe roughness.
Indeed, the rather low resolution of the solid-state detector
used in the ED mode rounds the cuspids in the reflection
patterns, but does not change the oscillation frequency.
Therefore, for films whose thickness d ranges from tenths
to hundreds of nanometers, the changes of d as a function
of time can be accurately determined. Above such high
thickness limit, the poor energy resolution of the detector
makes it difficult to resolve the Kiessig fringes, especially
when the sample is rough (as in the case of the ITO layer).

Of particular interest is the fact that the derivative of the
reflection profile fit provides an accurate determination of
the total reflection edges of the X-ray reflectivity patterns,
and as a result the scattering length densities of the various
layers can be obtained. These values can be compared with
those calculated theoretically on the basis of the nominal
densities of the materials, and this information can be used
to impose some constraint on the parameter in the Parratt
formula [17] utilized to fit the reflection patterns. The
formula, usually utilized to fit reflection data collected in
the AD mode, has been adapted to the ED case [11].

The result is the following:

IRI> = {1 — 2[(Real(R R — RiR;) exp(—2kd)]/[1
+ exp(—4kd) — 2Real(R R;) exp(—2kd)]},

where R| = (ko—k)/(ko+k) is the Fresnel film reflectivity,
R, = (k—k)/(k+ k) 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 k are the radiation wave numbers
in the film and in the substrate, respectively, which depend
on ky:

ke = (ki — 4mp)'/* and kg = (k — 4mp,)'/>.

When the surface or interface is not sharp, the reflected
intensity is modified by introducing a convenient roughness
parameter, generally the Nevot—Croce factor. Considering
only the dominant term of the film surface roughness, the
general expression for the reflected intensity is

IRI> = {|Ri|* exp(—2kkoo”)| + || Re|*
— 2Re[RR;, exp(—2kkoa?) exp(2ikd)]/1
+ [RI|R:|* exp(—2kkoa”)|
— 2Re[RR; exp(—2kkyo?) exp(Rikd)]}.

Therefore, five free parameters are normally used in the
fit, one to normalize the intensities to the counting times,
the others giving the morphological parameters of interest:
the substrate scattering length density, the film scattering
length density, the average thickness of the film and its
surface roughness, defined analytically as the standard
deviation from the (average) thickness. The same model
was applied in the present study, limiting the fit to the
lower scattering vector region, where the Al contribution is
dominant.

The results of the in situ EDXR measurements, collected
under a controlled N, atmosphere and upon illumination
with a white light lamp, are shown in Fig. 3.

The reflectivity profiles do not show any changes in
the oscillation period when the sample is kept in the dark
(first patterns on the bottom of the graph which are shifted
in height for clarity). However, a progressive compression
of the Kiessig fringes, during illumination, can be noticed
corresponding to an increase of the Al film thickness,
as a direct consequence of exposure to light. Such an ageing
effect may be attributed to the formation of an alumi-
nium oxide layer at the Al/organic film interface [12], as a
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Fig. 3. EDXR in situ measurements, collected under controlled atmo-
sphere and upon illumination on the pristine PV cell. The transient
modification of the reflectivity plateau visible along the first three patterns
after lightening is due to the refill of liquid nitrogen in the solid-state
detector cryostat.
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consequence of illumination. Indeed, the aluminium layer
in the device is in contact with the oxygen ions (bounded to
the polymers of the organic layer), which may be released
during illumination, so that photo-induced oxidation may
well occur. Moreover, samples have been stored in the dark
under ambient conditions before being measured, and a
certain amount of humidity may have been absorbed by the
organic layer.

The aluminium oxidation process appears as a thicken-
ing of the Al film, because it leads to the formation of a
thin layer of aluminium oxides, too thin to be detected by
the EDXR technique as a separate layer. Moreover, the
interface between the aluminium oxide and the polymer is
likely not sharp. As a consequence, in the reflection
interaction, it is felt by the X-rays as an increase of the
Al bulk, rather than as an independent, well-defined layer.

In the following, we will discuss how the time-resolved
EDXR measurements validate this hypothesis.

The resulting d vs. time data points, obtained by the fit of
the patterns in Fig. 3, are plotted in Fig. 4b. The stability of
the morphology in the dark was verified for a long period.
The subsequent effect of illumination is visibly a two-step
increase in thickness. The fit of the d(¢) curves was carried
out using two correlated Boltzmann curves: the first curve,
d(t) = d, + (dr—d;) (1—exp(t/11)), describes the progressive
increase of the film thickness d from its initial value d; up to
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Fig. 4. Results of data fit (film roughness ¢ vs. time, film thickness d vs.
time) and cell photo-current measured during the EDXR experiment.

a first asymptotical value @, in a characteristic time 7;; the
second one, d(¢) = d;+ (dy—d5) (1—exp(t/t1)), describes a
further increase in thickness, beginning when the film
thickness has reached the intermediate value 5 until a final
asymptotical value d, in a characteristic time 7,. It can be
noticed that the first process is almost concluded at the
onset of the second. This characteristic provides further
qualitative information that clarifies the nature of such
processes, and supports the hypothesis that electrode
oxidation has taken place. Indeed, the Al oxidation kinetics
is expected to be a two-step process, where the formation of
suboxides is the precursor to the growth of a passivating
layer of alumina [18].

The o vs. t data points plotted in Fig. 4a show that this
parameter remains unchanged during the overall process.
Since surface phenomena normally produce an increase of
the film surface roughness, the fact that in the present case
no modification of this parameter is observed over time is a
substantial clue that the process is limited to the interface
between the aluminium and the organic film, no variation
of the surface being expected.

During the EDXR measurements, the cell photo-current
was monitored and the result is reported in Fig. 4c. It
allows the photo-oxidation process of the electrode
(observed by EDXR) to be directly correlated with the
fading of the cell performances. Moreover, it is worth
noticing how the time evolution of the morphological data,
due to the elevated temporal sampling, is able to describe
the dynamics of this process. Indeed, it is understood that
the process takes place in two steps (see Fig. 4b), while the
electrical measurements, normally used to define the ageing
effects in PV devices (see Fig. 4c), are unable to provide this
information.

Another important result that was obtained is the direct
evidence that such photo-induced degradation processes at
the electrode—heterojunction interface can be inhibited by
submitting the sample to a preventive annealing procedure.
This can be deduced by observing the data in Fig. 5, which
represents EDXR patterns recorded in situ on illumination
for a PV device analogous to the former, but that had
previously been annealed at 100 °C for 30 min. The patterns
are perfectly overlapping, demonstrating that no photo-
induced oxidation of the Al-organic film is present.

In turn, such morphological stability assures improved
contact between the active layer and the metal electrode,
increasing the efficiency of the annealed cell by almost an
order of magnitude.

This is evident when comparing the J/V characteristics
under simulated AM1.5 100 mW/cm? illuminations of two
cells, one of which had been submitted to prior annealing
at 100 °C for 30min (see Fig. 6). The PV parameters are:
Voe = 0.454V, J. = 2.0mA/ecm?, FF = 0.35%, = 0.3%
for the pristine cell and V,. = 0.604V, J, = 7.5 mA/cmz,
FF = 0.57% and n = 2.6% for the annealed cell.

Although a full interpretation of the origin of the
morphological stabilizing effect induced by the annealing
procedure needs further investigation, its positive effect on
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Fig. 5. EDXR in situ measurements, collected under controlled atmo-
sphere and upon illumination on the annealed PV cell.

4 ]| —o— pristine
{| —m—annealed
] u
N -
£ 2 "
(&} /D
< _a
£ o
~ O D/D [ ]
2 g—o—5 /
7] —o—0—
c - —o—o—7=0
[} 24 w
° /
k=
g 44 ./
3
-6 /'/
"
[ ’—’I’I’—’I’—’.’_’.’_’.l./.
= T T T T

T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Voltage (V)

Fig. 6. The J/V characteristics under simulated AMI1.5, 100 mW/cm?

illumination conditions are shown for both the pristine and the annealed
cells.

the device efficiency can be considered as an acquired
result.

3. Conclusions

In conclusion, we report the first in situ study correlating
the variation of the photo-current of the device upon

working to the electrode—organic film interface morpholo-
gical evolution monitored by the time-resolved EDXR
technique.

The study demonstrated a direct connection between the
real time morphological changes and the decline in
performance of the working device. This experimental
approach gave several important results.

First, the morphological changes in the device structure
(undergoing a photo-induced oxidation of the Al-organic
film interface) strongly affect the response of the system.

Second, the comparison of the electrical and EDXR data
sets shows that, while the photo-current vs. time curve
reveals only the occurrence of a photo-degradation
phenomenon, the in situ EDXR technique is able
additionally to describe the dynamics of this effect. In
particular, the observed process is limited to the buried
electrode interface, and is responsible for a rapid decrease
in the photo-current.

Finally, it was shown that the interface morphology may
be stabilized by annealing treatments, resulting in a
significant improvement of cell efficiency.

The results indicate that the proposed method, making
simultaneous use of morphological and electrical monitor-
ing techniques, can be successfully used to investigate new
organic devices in real operating conditions, therefore
deepening our knowledge of all the phenomena that
influence their performances.

4. Experimental
4.1. Sample preparation

The bulk heterojunction solar cells used in this article
were made from a blend of methano-fullerene [6,6]-phenyl
Ce1 butyric acid methyl ester, denoted as PCBM, and
P3HT. The cells consisted of an ITO substrate cleaned in
an ultrasonic bath of acetone and isopropanol, rinsed in
deionized water, dried in an oven and, finally, treated with
UV-ozone. The active layer of P3HT:PCBM was deposited
by spin casting from an anhydrous chlorobenzene solution,
and the devices were completed by deposition of the
cathode through a shadow mask with 6 mm diameter
openings. The top contact was a 100-nm-thick Al layer
(nominal thickness). The cells had an active surface of
32 mm?. The annealing was performed in a glove box under
controlled atmosphere (<1 ppm O, and H,O).

4.2. X-ray and photo-current set-up

The experimental apparatus consisted of a non-commer-
cial reflectometer [11] characterized by a very simple set-up
geometry, since neither monochromator nor goniometer is
required in the ED mode, no movement being needed
during the measurements. The main elements of the
machine are an X-ray tube and an energy-sensitive
detector, mounted on two benches pivoting around a
common central axis. Four adjustable slits are used to
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define the X-ray optical path. The Bremmsstrahlung of the
X-ray tube (3kW power, tungsten anode) is used as a
probe, and an EG&G high-purity germanium solid-state
detector, whose energy resolution is about 1.5-2% in the
15-50 keV energy range, accomplishes the energy scan. The
measurements were performed with the device placed
inside an X-ray transparent chamber, under an N, gas
flux. Sample alignment was checked during the experiment
to detect and keep under control possible misalignments of
the sample due to heating during illumination.. During the
EDXR measurements, the photo-current was monitored by
using a home-made acquisition software running over
Labview. Measurements were carried out in short circuit
conditions during illumination with a white light lamp
(10 mW/cm?).
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