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The composition of the active layer of a benchmark functional glass/ITO/[P3HT:PCBM][1.1:1]/Al organic so-
lar cell has been studied by neutron reflectometry (NR) and hard X-ray photoelectron spectroscopy (HAXPES).
Thermal annealing was performed in several steps and NR and HAXPES were recorded for every temperature.
By fitting the NR results to a model composed of several layers, the scattering length density (SLD) distribution
through the sample was obtained, and from this SLD profile, the evolution of the composition of the active layer

as a function of temperature was established. For the outer layers, HAXPES results confirm the composition evo-
lution. The results show that PCBM tends to segregate reducing the initial concentration of PCBM in the central
part of the active layer and increasing its concentration towards both interfaces. The effect of the Al electrode
as studied by HAXPES on the nearest zone of the active layer (up to 50nm) is to stabilize the P3HT depletion in
this area, an effect which is not affected by thermal annealing.

1. Introduction

Emerging photovoltaic technologies are currently being developed.
Plastic solar cells are within the most promising proposals, which could
deliver “solar electricity” at lower cost than other conventional tech-
nologies and therefore reach grid-parity in a shorter term [1,2]. The ac-
tive layer of the device is made of a blend of two organic materials, one
which acts as electron acceptor (n-type) and the other as electron donor
(p-type): their mixture creates a distributed “bulk heterojunction (BHJ)”
[3,4]. Usually the electron donor partner in the BHJ is a conjugated
polymer and the electron acceptor a fullerene derivative. The bench
mark device has been the one including a poly-3-hexyl-thiophene/
methano-fullerene [P3HT:PCBM] active layer embedded between dif-
ferent electrodes and in most cases including hole or electron inject-
ing layers that were deposited from solution and subsequently an-
nealed [5,6]. Although limited in power conversion efficiency (best de-
vices around 5%, most often reported around 3%), the P3HT has al-
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lowed the exploration of different device architectures, of which the
standard and the inverted architectures played with the HOMO/LUMO
levels of the polymers and the work function of the electrodes to cre-
ate the adequate drift/diffusion equilibrium throughout the device in
order to extract the carriers before the long-lived excitons are recom-
bined. More recently, tandem devices including different conjugated
polymers, ideally with lower band gap have been included in the de-
vice architecture and improved power conversion efficiencies achiev-
ing beyond 10% [7-9]. Also, the use of non-fullerene acceptors in or-
ganic solar cells, providing power conversion efficiencies above 13%
opens a promising route for next generation OSCs where fullerene is re-
placed by perylene-diimides or fused aromatic cores [10]. In the simpli-
fied standard architecture of a solar cell, the photogenerated electrons
should be transferred to the aluminium electrode, whereas in the in-
verted architecture the electrons should be transferred to the ITO elec-
trode; in both cases, the active layer, composed of a blend of P3HT and
PCBM will benefit from a composition gradient of opposed orientation:
increment of PCBM towards the dark side (Aluminium electrode) and
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depletion of PCBM towards the illuminated side (PEDOT:PSS/ITO elec-
trode) in the case of the standard architecture and the opposite in the
case of inverted architecture. Therefore, the structure at the nanoscale
within the active layer will determine the optoelectronic performance
of the macroscopic devices. Besides, the influence of the compositional
gradient may have an impact on stability, since the inverted architec-
ture usually presents larger lifetimes [11-14]. The presence of a top
electrode may have an effect both in the internal structure of the active
layer and in the stability and therefore lifetime of the solar cell; more
recently, besides standard Al (or Ag) electrodes, graphene layers are be-
ing incorporated to the structure of the solar cells with the purpose of
increasing the lifetime and power conversion efficiency of the devices
[15].

The understanding of self-organization processes of the blend when
cast from solution (spin-cast, spray coated or slot-dye coated) together
with the influence of post-casting annealing is necessary in order to de-
sign a manufacturing process which delivers the optimum nanostructure
of the active layer with better power conversion efficiency and lifetime.
This process will have an impact in the devices manufacturing cost and,
taking into consideration the lifetime, also on the levelized cost of the
produced energy [16].

The PCBM tends to aggregate and therefore destroy the path needed
for n-type carrier transport; furthermore, a vertical segregation which
creates a depth gradient of PCBM composition is also observed. A big re-
search effort is currently devoted to understand the dynamical processes
which drive such segregation. Several experimental tools have been
used to measure the internal structure of the different layers compris-
ing an organic solar cell, of which X-ray diffraction to measure the crys-
tallinity of polymers and blends [17,18] and also quasielastic neutron
scattering to study the molecular dynamics of P3HT both in solution
and in thin films [19,20] are probably the most common. In this article
the focus will be on neutron reflectometry and hard X-ray photoelec-
tron spectroscopy, techniques which provide compositional gradients of
buried layers with nanometric resolution.

The pioneering work by Bjorstrom et al. using dynamic secondary
ion mass spectrometry (SIMS) demonstrated depth profiles showing
composition waves that were caused by surface directed phase separa-
tion during spin-coating of APFO-3:PCBM samples [21]. Then, ellipsom-
etry provided robust experimental results regarding compositional gra-
dient; for example, Campoy [22] presented a work in which the influ-
ence of annealing was demonstrated on a P3HT:PCBM blend cast on a
quartz substrate: before annealing, the PCBM content, which presents
a constant reduction from a high 75% volume in the quartz side, is re-
duced to a low 15% volume immediately before the air surface and fi-
nally presents a 50% volume contribution at the surface itself, indicating
protrusion of the PCBM. Upon annealing, this profile changes and the
protrusions are reduced to around 25% volume while the composition
immediately below the surface is increased to 50% volume, generating
a “compositional inversion” with respect to the sample before thermal
annealing. Also using ellipsometry and near-edge X-ray absorption fine
structure spectroscopy (NEXAFS), changes in the hole transporting layer
(HTL) are shown to significantly affect the BHJ interfacial segregation
at the buried interface near the HTL while the composition near the free
surface (air) of the BHJ is unaffected, the effect on power conversion ef-
ficiency is low despite this change in structure [23]. Additionally, there
are indications that the increase of the annealing time contributed to a
significant increase of the P3HT crystallinity at the top regions of the
blend films [24], where the enrichment of P3HT also prevents the for-
mation of PCBM clusters [25]. These results were later complemented
by several groups using different techniques such as SIMS [26], X-ray
photoelectron spectroscopy (XPS) [27] and Auger spectroscopy [28].

The technique that provides more detailed data on vertical compo-
sition is neutron reflectometry. For example, the experiment performed
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by Parnell et al. [29] with P3HT(protonated):PCBM(deuterated) blend
spin cast on a Si wafer, in which the influence of solvent and thermal an-
nealing was studied showing that PCBM tends to increase its % volume
contribution in both surfaces of the blend upon both kinds of anneal-
ing, but always presenting a higher concentration in the blend surface
in contact with the Si substrate. Another result was obtained by Kiel et
al. [30,31] with a fully protonated sample (also on a Si substrate): the
air surface is dominated by P3HT before and after thermal annealing,
although immediately under this surface the PCBM content is higher,
up to a 80% volume, which is then reduced to a 50% volume fraction
more or less constant throughout the blend volume until it reaches the
Si-surface where it is increased again to almost 80% volume, the anneal-
ing displaces the peak towards the interior of the sample and increases
slightly the PCBM concentration at the air surface from naught to a 21%
volume. In summary, all experiments concerning compositional gradi-
ents point to similar pictures, with small differences regarding the ther-
mal annealing process.

More recently, other groups have extended the application of the
neutron reflectometry technique to study the profile of other blends
used for active layers of solar cells, such as [PCDTBT:PC,;BM] [32]. This
work showed that larger molecular weights lead to an increase in the
conjugated polymer enrichment layer thickness at the anode interface;
this evolution of composition improves the efficiency up to a limiting
point where the polymer solubility causes a reduction of the PCDTBT
concentration in the active layer.

In this article, we present a detailed study by neutron reflectome-
try (NR) and hard X-ray photoelectron spectroscopy (HAXPES) of the
compositional gradient evolution upon thermal annealing of thin films
which are building blocks of organic solar cells (i.e. using glass/ITO as
electrode) and the full operating solar cell. Furthermore, annealing with
and without back electrode (Al) has been performed and tested. In the
following sections, the samples preparation and methodological details
of experimental procedure and data fitting are described; then the re-
sults of NR and HAXPES are discussed; and finally we present the con-
clusions of the study.

2. Samples and methods
2.1. Sample preparation and I-V characterization

For the fabrication of standard architecture organic solar cells, In-
dium Tin Oxide (ITO) (20 x20 xX1.1mm; Delta Technologies
4-8Q/square) coated glass slides were used as transparent substrates.
Acetone (Sigma-Aldrich, purity 99.5%), Isopropanol (Panreac, purity
99.5%) and deionized water (Type 1, 18.2MQ cm) were used for clean-
ing. Active layers were made up with a mixture of P3HT
(poly-3-hexylthiophene) (Sigma-Aldrich, regioregular, purity 99.995%)
and PCBM (phenyl-C61-butyric acid methyl ester) (Solenne, purity 99%)
in a 1.1:1 wt ratio from a dichlorobenzene (Sigma Aldrich, purity 99%)
solution. The thickness of the active layer is of the order of 200 nm (ini-
tially estimated, later measured experimentally in detail by NR). Sam-
ples measured by NR does not include additional layers (neither PE-
DOT:PSS nor Al electrode) and therefore they are not functional devices.

The solar cell for HAXPES experiments includes a PEDOT:PSS and
a capping Al top electrode (38 nm) which is a complete standard ar-
chitecture organic solar cell: glass/ITO/PEDOT:PSS/[P3HT:PCBM]/Al.
Therefore, PEDOT:PSS (poly-3,4-ethylene-dioxy-thiophene-polystyrene
sulfonate) (Sigma-Aldrich 1.3%wt water dispersion) was used as a hole
injection layer in the solar cells tested in the HAXPES experiments,
while those tested in the NR experiments are PEDOT:PSS free. PE-
DOT:PSS was filtered and spun coated on the cleaned substrate at
1800rpm before annealing it at 395K for 10min in order to remove
water remains. Aluminium (Goodfellow, @ 0.25mm, and purity
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99.5%) was used for thermal evaporation of “back™ electrode contacts
at 107> mbar pressures. Except for the metal contact deposition, all fab-
rication processes were carried out in air.

As a summary: samples reproducing partial or complete standard
architecture of organic solar cells have been characterized by NR and
HAXPES. The samples are: i) ITO on silica fused glass substrate (only NR
experiments); ii) [P3HT:PCBM] [1.1:1] spin cast on glass/ITO substrate
(NR and HAXPES experiments) and iii) solar cells with PEDOT:PSS hole
injecting layer and Al electrode on top (only for HAXPES experiments).
The samples represent the sequential step in the manufacturing process
of a functional solar cell; only auxiliary hole or electron injecting lay-
ers have been omitted, these layers are not required for the cell to be
operative, but are important to improve the cell power conversion ef-
ficiency. Nevertheless, neutron reflectometry experiment on structures
that are part of solar cells provides information on processes which are
closer to real production steps in comparison with previous experiments
performed on ideal layers casted on substrates that are not used for
solar cell manufacture. Also, since HAXPES is probing depths up to a
maximum of 50nm (see description of the method) the presence of PE-
DOT:PSS is not detected and does not affect the upper part of the active
layer (in contact with air or with the Al electrode).

A Sun simulator AM1.5 (ABET Technologies Sun2000), a program-
mable voltage source (KEITHLEY 230) to make a voltage sweep and an
electrometer (KEITHLEY 6514) have been used for measuring I-V curves
of the organic solar cell. I-V characterization of the devices was made,
resulting in reproducible power conversion efficiency (PCE) in a range
between 1.5% and 3% with some best devices showing efficiencies up to
3.1% and most of devices showing efficiencies around 2.3%. In particu-
lar the most reproducible ones where used for the HAXPES experiment,
and the I-V curve of the sample is included as an insert in Fig. 7 (right).
The low filling factor, in all cases below 50%, is an indication of the
problems for charge collection for these simple devices where only PE-
DOT:PSS has been used as hole injecting layer but no other electron or
hole transport layers have been included between the active layer and
the electrodes.

2.2. Experimental methods: neutron reflectometry and HAXPES

The calculated Neutron Scattering Length Densities (SLD) for P3HT
and PCBM are respectively 6.72 x 107 A~2 and 4.34 x 1076 A-2, pro-
viding enough scattering contrast to perform the experiments without
the need of selective deuteration. The different samples measured corre-
spond to the different steps in the fabrication procedure of a full operat-
ing organic solar cell with standard structure (typical size of samples for
NR 2cm X 2cm). Besides, for all the samples, an annealing process be-
tween two NR measurements has been applied (in-situ, from room tem-
perature to up to 415K), in order to analyse the influence of thermal
annealing in the vertical diffusion of PCBM within the blends.

Neutron reflectometry is a technique which benefits from the inter-
ference patterns created by the reflection of the neutron wave at dif-
ferent interfaces as explained in more detail in Annexure I. The refrac-
tion and reflection interference patterns created by the wave interaction
through a discontinuous media provides information about vertical and
in-plane variations of the SLD, which is related with the 3D structure
and composition of the sample. Focusing on the specular reflectometry
pattern, a “vertical” profile of the SLD is obtained and by a fitting model
information about embedded interfaces, thickness of layers, roughness,
vertical composition of layers, interlayer diffusion, etc. can be obtained.
Analysis of off-specular reflectometry can provide information about in
plane structures (composition, phase separation, magnetic domains, cor-
related roughness...) on both surface and buried interfaces. In this arti-
cle we will focus on the specular neutron reflectometry signal.
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Neutron reflectivity was measured on the instrument D17 at ILL
[33]. The configuration of the reflectometer was the Time Of Flight
(TOF) mode, with incident neutron wavelengths from 2A to 254 and
with a Q range exploring 0.01A-1 < Q < 0.1A! at a fixed incident an-
gle of 6 = 1.2°, which provides a resolution (wavelength dependent) of
0.5-1.2%. The raw data was reduced using COSMOS [34].

The fits shown in all figures have been performed using “Motofit”, a
reflectivity analysis software package broadly used for NR data analysis
developed by Andrew Nelson at ANSTO, Australia [35].

HAXPES measurements were carried out at the BM-25 CRG SpLine
beamline at the ESRF, Grenoble, France [36,37]. The experimental
set-up in which the experiment has been performed is devoted to HAX-
PES [38]. This experimental setup houses a UHV system and high elec-
tron kinetic energy analyzer, which is capable to work from few eV up
to 15keV, [39,40]. The detection geometry and consequently the count-
ing rate can be optimized without changing neither the sample position
nor the incoming beam impact point, i.e., without disturbing the diffrac-
tion geometry conditions, due to the electron analyzer is mounted on a
3-axis motorized table so that the analyzer focal point position can be
adjusted on the sample.

HAXPES spectra were measured at 14keV, 11keV, 9keV and 7.5keV
of photon energy, a pass energy of 200 eV was used in order to measure
the photoemission spectra in relatively short times. It should be men-
tioned that high energy resolution is essential for an electronic depth
profile but not for a compositional depth profile. The compositional
depth profile is obtained by following the intensity of the photoelectrons
from the elements of the substrate and the overlayer film by changing
the energy of the incident X-rays and hence the escape depth (kinetic en-
ergy) of the photoelectrons. The HAXPES experimental data have been
interpreted considering that the photoemission intensity for photoelec-
trons is attenuated following the model explained in Annexure II.

3. Results and discussion

First, a control reference NR experiment was performed: an ITO film
on top of glass was measured at room temperature (300K), which al-
lowed us to determine with precision the thickness of ITO (135nm with
roughness ~3nm) and to confirm the good in-plane homogeneity of the
film (almost total absence of off-specular reflection) (Fig. 1).

The Scattering Length Density of ITO was previously calculated:
3.88 x 1076 A2, the value was confirmed by a good fit (red line in
Fig. 1) which also provided an experimental value for the thickness

ITO 300K
—— fit to model

Reflectivity

10° . L . 1 " L

0.01 0.02 0.03 0.04 0.0
QA")

Fig. 1. Neutron reflectivity of an ITO film on top of silica fused glass (symbols). Fits to
model (red line) delivered the SLD, thickness, and roughness of the ITO film. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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and roughness of the ITO layer, respectively of 135nm and 3 nm. These
three parameters: ITO scattering length density, thickness and rough-
ness of the layer were kept fixed for the fitting of subsequent reflectom-
etry plots.

The following NR and HAXPES experiments started with an initial
measurement of a [P3HT:PCBM] [1.1:1] blend layer (active layer in a
solar cell) cast on a glass/ITO substrate, at room temperature (300 K)
the sample was then annealed increasing the temperature in steps un-
til a new stable temperature was reached and a new scans were mea-
sured. For the HAXPES experiment, the in-situ annealing was performed
in UHV. This sequential procedure presents an evolution of reflectom-
etry and HAXPES spectra until the maximum temperature which was
measured (415 K).

Regarding NR, the fits of the experimental data were performed us-
ing Motofit (see Section 2 for methodological details); after several trials
for each fitting procedure, the best fitting results were obtained assum-
ing a structure of 20 additional “layers” within this blend placed on top
of the previously determined glass/ITO layers whose parameters were
not varied during the fitting process. This “structure” in 20 layers of the
blend was kept for all fits and although the SLD were varied for all lay-
ers in all plot fittings, the width of each layer is kept fixed. When good
convergence is obtained, SLD of each layer is recorded (imposing conti-
nuity and total thickness of sample as constraints for the fit), a SLD pro-
file is obtained for the full [P3HT:PCBM] layer. Fig. 2 shows NR experi-
mental data and the fit curves obtained at 300 K (left) and 415K (right).

The temperature sequence (360K, 385K, 415K and finally cooling
down back to 300 K) for NR measurements is presented in a family of
plots in Fig. 3, where every reflectometry spectra is compared to the
original at 300 K. It should to be noted that the values obtained for one
temperature are used as a starting point for the fit of the subsequent
temperature, until the final fit at 415K is obtained. After the highest
temperature is measured, the temperature was brought down to 300 K
and a final measurement was taken in order to compare room temper-
ature composition before and after the thermal annealing process (Fig.
3d). Finally, from a calculation of SLD of pure P3HT and PCBM a com-
positional profile can be extracted as a function of depth by linearly
combining the contribution of the two materials to the measured “inter-
mediate” SLD. The contrast in SLD between P3HT and PCBM is enough
to apply this procedure even if none of the components of the blend are
deuterated.

The sequential in situ thermal annealing creates an evolution of the
reflectivity pattern of the samples with some features that are more or
less unchanged, in contrast with other Q-ranges where stronger modifi-
cation or appearance of additional maxima are occurring, in particular

0
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the new maximum at Q = 0.025 13(1, and in minor degree the onset of a
maximum at Q = 0.015A~! and the increase in signal intensity for the
higher Q values, in a region of the plot at which the fit is less accurate.
From an analysis of the progress of the fitting runs, the two above men-
tioned new maxima can be associated with changes near the interfaces
of the active layer with the ITO and air surfaces, while the more stable
features correspond to the fixed glass/ITO sublayers plus the additional
evolution of the bulk [P3HT:PCBM] constructed with the central “lay-
ers” of the fitting scheme. The result for the final 300 K measurement
(after the annealing process) is very similar to the one at 415 K (Fig. 3d),
demonstrating that the evolution of composition driven by the tempera-
ture is stabilized after the cooling process, showing a persistence of the
internal structure created by the thermal annealing.

HAXPES measurements were performed on the active layer
P3HT:PCBM (without the Al electrode) to confirm the depletion of P3HT
near the surface induced by the annealing process. Since both compo-
nents of the blend are organic compounds, it is a complex task to moni-
tor the amount of P3HT or PCBM following the evolution of the carbon
C 1s peak as a function of the annealing temperature. For this reason, we
have used the sulphur S 1s peak as fingerprint to measure the amount of
P3HT as compared to the amount of PCBM. Fig. 4 shows the evolution
of S/O and S/C intensity ratios as function of air and vacuum anneal-
ing temperature, for a photon energy of 14 keV. The S/C ratios, shown
in Fig. 4 (blue and purple triangles) do not present significant variation
with the annealing temperature since both materials have a strong car-
bon content. However, if we compare the S/O ratio a clear variation can
be appreciated. The S/O ratio at 300K is around 28, while for the an-
nealed sample is only about 2, which is a clear indication that the sul-
phur (P3HT) content at the surface decreases strongly with the anneal-
ing at 395K in air, in agreement with composition profile obtained from
the SLD shown in Fig. 5, at least for the depths probed by HAXPES at
the photon energy of 14 keV, which is around 50 nm.

In Fig. 5a superposition of the compositional profile (% volume) of
the [P3HT:PCBM] layer obtained from the fits is shown; it emphasizes
the evolution between the initial 300K profile and the 415K profile,
while it is kept stable during the cooling process, with strong similar-
ity between the 415K profile and the 300K after annealing. The main
feature of this evolution is the reduction of the initial PCBM content at
the centre of the layer and the migration of the molecules to both inter-
faces, the one in contact to air and more strongly to the one in contact
to ITO, where sub-interface composition reaches 80% volume of PCBM.
Curiously, this evolution has similar features to the one reported by Kiel
et al. [30,31] for the air surface but not for the internal substrate/ac-
tive layer interface. For the air surface, the highest PCBM content is

10° . r
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E -
b 3
e 10°E

10"

10'5 L 1 1

0.01 0.02 0.03 0.04 0.05

QA"

Fig. 2. Neutron reflectometry of a sample composed of glass/ITO/[P3HT:PCBM] layers at 300 K (left) and at 415K (right). The fits (superimposed red line) are obtained by keeping fixed
the previously obtained glass/ITO parameters and varying those of the [P3HT:PCBM] layer. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 3. A comparison of the initial reflectivity scan at 300 K with the subsequent scans at higher temperatures (360 K, (a) in red; 385K (b) in green; 415K (c) in violet and a comparison of
300 K before and after the thermal annealing process (d) in grey. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. HAXPES S, O and C intensity ratios for a ITO/PEDOT:PSS/P3HT:PCBM sample, black squares are vacuum annealed S/O ratio, red circle is air annealed S/O ratio, blue triangles
are vacuum annealed S/C ratio and purple triangle is air annealed S/C ratio. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

found by Kiel in a sub-surface layer and not in the surface itself and also
there are some differences, because the central composition in Kiel’s
work is kept constant. However, from our results shown in Fig. 5 it is
evident that a reduction in PCBM content in the central part is obtained
and it is the source of the molecules that are migrating to the areas
where its concentration is increased upon annealing.

HAXPES experiments on the outer layers (for a depth around 50 nm
for the maximum incident energy of 14 keV, as indicated by an arrow
in Fig. 5) confirm the reduction of P3HT content near the surface upon
annealing.

The HAXPES technique enables the study of buried inferfaces. For
this reason, the samples with an Al top electrode around 38 nm thick
can be measured. Again we use the S 1s peak as a fingerprint of the
P3HT content in the photoactive buried layer. The S 1S, Al 1s ratio for
a complete device without annealing is about 0.09 (black square), while
after annealing in air at 395K this ratio decreases until 0.03 (red cir-
cle), as can be observed in Fig. 6. It is a clear indication that the P3HT
amount at the Al/P3HT:PCBM interlayer decreases with the annealing
temperature in air, similarly to the case without the Al electrode.
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Fig. 5. Composition profile (% volume of PCBM) obtained from the experimental scat-
tering length density (SLD) for the sample at 300K (red), 415K (green) and again 300 K
(blue) after the thermal annealing. The area explored by HAXPES is indicated by a double
arrow. (For interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)
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In order to follow in situ the compositional evolution near the top
electrode, HAXPES spectra have been measured after annealing in UHV
conditions in the same chamber at different photon energies (7.5 keV, 9
KeV, 11 keV and 14 keV). To model the depth profile (P3HT:PCBM com-
position) inside the device and following the method presented in Ref.
[40], a linear inter-diffusion profile model at the interface between Al
and the photoactive layer has been considered as a bilayer system where
the S 1s signal is the substrate signal and the Al 1s signal is the overlayer
signal. This method allows us to represent the photoemission intensity
as function of the electron kinetic energy, for three UHV temperatures
300K, 335K and 395K, respectively. In a linear inter-diffusion profile
model only two parameters are free during the fitting procedure: the
overlayer thickness and the diffusion width at the interface.

Fig. 7 shows the evolution of S 1s intensity properly normalized
as function of photon kinetic energy for two annealing temperatures
(335K and 395K) and room temperature. From a qualitative point of
view the intensity of the S 1s peak decreases with the annealing tem-
perature providing an indication that the P3HT content decreases at the
Al interface. The fittings are good considering the error bars of the ex-
perimental points (see Fig. 7 left), thus providing a result for the Al
overlayer thickness of 38 nm for all temperatures, while for the diffu-
sion width at room temperature the model provides a value of 16 nm,
which after the annealing at 335K decreases until 13 nm and is main-
tained constant for 395K of annealing temperature. Once these para-
meters have been obtained, the sulphur (P3HT) depth profile composi-
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tion can be modelled as shown in Fig. 7, confirming that after the UHV
annealing the P3HT content at the Al interface decreases.

From an operational point of view of the solar cell it would be de-
sirable that a composition profile with an increasing content of PCBM
towards the Al electrode is obtained by the thermal annealing process in
the blend which conforms the active layer of the solar cell. This profile
is not fully achieved because although a convenient increase of PCBM
content is obtained in the interface with top Al electrode, there is also
a strong increase near the ITO interface, which is bad for charge trans-
port (electron injection) in this electrode for a solar cell with standard
architecture. But it should be considered that thermal annealing has
been reported to increase solar cell power conversion efficiency because
the mobility of charges is improved if the conjugated polymer is more
crystalline, and it is well known that polymer crystallinity is improved
by thermal annealing [17,18]. Neutron reflectometry cannot distinguish
between the amorphous and crystalline phase (because they have very
similar SLD) and therefore a measurement of the crystallinity evolution
cannot be performed during the experiments in which the evolution of
the concentration profile was measured. The balance between both ef-
fects is positive, but not from the side of the reorganization of the PCBM
within the active layer. Additionally, this reorganization will not im-
prove the charge collection for solar cells with inverted architecture, al-
though the relatively higher increase in PCBM concentration near the
ITO interface is better, in this case the accumulation of PCBM in the air
(or future electrode required for inverted architecture) will be detrimen-
tal for charge extraction.

Globally, our result confirm that PCBM tends to increase its concen-
tration at the surface upon annealing, as reported by Campoy [22] and
Parnell [29]; also Kiel [30,31] pointed to an increase of PCBM content
immediately below the surface but keeping a higher content of P3HT at
the surface itself. On the other hand, Zhang [25] reported opposite ob-
servation with a higher crystallinity of P3HT preventing the increase in
PCBM concentration near the surface. Our experiment indicates that al-
though annealing has been used to improve polymer crystallinity in this
case does not prevent PCBM from migrating to the outer parts of the ac-
tive layer, and in particular to the air (or Al) interface.

Since the evaporation of Al electrode prior to the annealing process
seems to avoid a stronger redistribution of the PCBM content, it is rec-
ommended to proceed in this order: first, Al evaporation, then thermal
annealing. In this way, the manufacturer keeps higher the concentra-
tion of PCBM in the bulk (central area, separated from the interfacial
areas within the active layer) and avoids creating concentration “barri-
ers” that impedes efficient charge extraction to the Al or ITO electrodes
for standard or inverted solar cells respectively, while the beneficial ef-
fects of thermal annealing via an increase in crystallinity is preserved.
The findings provide a better understanding of the interplay between
the manufacturing sequence (thermal annealing and layer deposition or
evaporation) and the final internal structure of the active layer. Depend-
ing on the architecture of the final device, a different order is recom-
mended in order to obtain better composition profiles for charge collec-
tion and transfer to the electrodes: annealing after top electrode deposi-
tion for standard cells, annealing before top electrode deposition for in-
verted cells.

4. Conclusions

The evolution of the vertical composition of a [P3HT:PCBM][1.1:1]
active layer of solar cells has been measured by Neutron Reflectometry
on D17 at ILL and by HAXPES at the BM-25 beamline at ESRF. The mea-
surements are performed on a set of samples that reproduce the man-
ufacturing steps of a functional solar cell, which are the sequential de-
position of ITO, then the P3HT:PCBM blend and finally a top Al elec-
trode on a fused silica substrate and a thermal annealing cycle. Our
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measurements are focused on this final annealing step, and data has
been measured before and after the evaporation of the top Al electrode.

The SLD contrast between the conjugated polymer P3HT and the
fullerene derivative PCBM which comprises the active layer is enough
to obtain a composition profile from the experimental SLD variation
obtained by fitting the neutron reflectometry data to a simple model
based on a sequence of layers. The SLD and roughness of ITO on glass
(SLD (ITO) = 3.88 x 107° 10\*2; thickness 135 nm and roughness 3 nm)
have been measured and the obtained parameters are kept as fixed pa-
rameters for subsequent fitting of more complex reflectometry spectra.
The calculated SLDs of P3HT (6.72 X 10~7 A=2) and PCBM (4.34 x 10~
A~2) have been used to match the SLD profile obtained by fitting the ex-
perimental spectra and therefore obtaining a composition profile (in %
volume) for all the thermal annealing steps from 300K to 415 K. After
reaching this maximum temperature and cooling down to 300K, a very
similar profile to the one at higher temperature is obtained, therefore
the system is considered stable after annealing. This profile reduces the
initial concentration of PCBM in the central part of the active layer and
increases its concentration towards both interfaces, reaching the maxi-
mum content (around 80% volume) in the interface with ITO and with
a lower increase (up to 40% volume) near the air surface (or more ex-
actly sub-surface interface, because at the interface itself the PCBM con-
tent tends to zero). The obtained composition at the ITO interface is bet-
ter for inverted architecture and bad for standard architecture; at the
air interface the effect is opposite but with less impact. If the anneal-
ing process is performed after evaporation of the top Al electrode, the
effect of reducing the P3HT content near the electrode is confirmed by
HAXPES measurements which shows a decrease of P3HT (and therefore
an increase of PCBM concentration) near the Al electrode. This result
provides a manufacturing recommendation about the sequence of an-
nealing/deposition of final electrode depending on the architecture of
the device: for standard devices it is better to first deposit the electrode
and then thermally anneal the device; while the opposite is true for the
inverted architecture. The additional benefits of thermal annealing via
improved crystallinity of the conjugated polymer will be preserved in
both cases.
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Annexure I

Neutron reflectivity is an experimental technique which benefits
from the wave properties of the neutron that can be expressed as a
quantum mechanical wave, solution of the Schrédinger equation in a
medium:

¥ ()=t

which in vacuum is expressed with a wavenumber k given by:

2mE

k?=k5=—

with the neutron mass m, its energy E and Planck's constant h. Inside
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the material of potential V, k takes the value:

2m(E-V)
kP=—F—=

p

and a refractive index “n” can be defined as:

klky=n

k3—4mp

and approximated by:

/‘|'2
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2z
Where A is the neutron wavelength and, p is the nuclear “scattering
length density” (SLD) which is related to the nucleus-neutron interac-

tion potential (Fermi potential):
2

p

V)= Tb5 r

with the isotope dependent scattering length b. To calculate the SLD and
the final potential inside the medium one has to sum up all isotopes
composing a molecule and normalize by its volume:

1
= b.
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i

_ 2mp?
m

4

Those can be calculated using empirical values for the scattering
lengths (b;) and number densities [41].
Annexure II

HAXPES experimental data have been interpreted considering that
the photoemission intensity for photoelectrons of a q-ionization-subshell
produced from a constituent element A located between depth Z, and
Zy of a laterally (x,y) homogeneous sample, within the analyzed area, is
proportional to [42]:

Z

7B
L, (19, Eg; —|d
A4 ( Km) * /ZA na@ e EAL (EKM) cos @ y

Where EAL is the effective attenuation length of the photoelectrons,
n,(z) is the density profile with depth and 6 denotes the angle between
the collection direction and the surface normal. Therefore we can deter-
mine the concentration depth profile n,(z) modeling the dependence of
the photoemission intensity with the EAL using a linear profile model
from references [40,43]. The maximum X-ray incident energy of 14 keV
provides a kinetic energy of photoelectrons of 13.5keV, probing a max-
imum depth into the sample of ~55nm.
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