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Organic thin films are widely used in organic electronics and coatings.
Such films often feature film-depth dependent variations of composi-
tion and optoelectronic properties. State-of-the-art depth profiling
methods such as mass spectroscopy and photoelectron spectroscopy
rely on non-intrinsic species (vaporized ions, etching-induced surface
defects), which are chemically and functionally different from the
original materials. Here we introduce an easily-accessible and gen-
erally applicable depth profiling method: film-depth-dependent infra-
red (FDD-IR) spectroscopy profilometry based on directly measuring
the intrinsic material after incremental surface-selective etching by a
soft plasma, to study the material variations along the surface-normal
direction. This depth profiling uses characteristic vibrational signa-
tures of the involved compounds, and can be used for both con-
jugated and non-conjugated, neutral and ionic materials. A film-depth
resolution of one nanometer is achieved. We demonstrate the appli-
cation of this method for investigation of device-relevant thin films,
including organic field-effect transistors and organic photovoltaic
cells, as well as ionized dopant distributions in doped semiconductors.

Introduction

Organic thin films are widely used in organic electronics, as well
as for device encapsulation and packaging.™” During the deposi-
tion of the films, the complex interactions between substrate,
organic components, and solvents often lead to variable vertical
phase distribution along the film-depth,** which can be reduced
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New concepts

This work introduces an infrared spectroscopy profilometry, to study the
composition distribution of organic thin films along the film depth
direction. Infrared spectra allow reliable identification of species with
high resolution. Three model electronic organic films, including con-
ducting polymer:insulating polymer (for transistors), donor:acceptor (for
photovoltaic cells) bulk heterojunctions and doped organic semiconduc-
tors, are used as examples to demonstrate that this depth profiling
methodology can indeed be generally applied for organic thin films. This
approach provides insights into conjugated and non-conjugated (and
mixed) organic thin films, neutral and ionic materials, all based on
equipment and methodology easily accessible in most laboratories
worldwide.

or enhanced by post-processing e.g. annealing. Therefore, for
many organic thin films, the surface and bulk at different film-
depth exhibit different properties, such as composition, crystal-
linity,>® crystallite orientation,” as well as electronic and optical
properties.®® These vertical variations significantly impact the
performance of devices. For example, in thin film organic field-
effect transistors (OFETs), charge injection, transport, and accu-
mulation can take place at different film-depth.'®'" In organic
photovoltaic (OPV) devices, where a donor:acceptor bulk hetero-
junction is the active layer,"**® both photon harvesting and
charge transport are film-depth dependent and thus the compo-
sition distribution profile along the surface-normal direction has
a significant influence on the device performance. Another
example where vertical composition gradient plays an important
role is doped organic semiconductors (OSCs) films. Depending
on dopant and OSC interactions, as well as processing condi-
tions, phase separation between dopant and OSC may occur'>"”
and result in non-uniform ionized dopant distribution along the
surface-normal direction, which strongly impacts the functionality
of such films. Consequently, being able to reliably determine
composition and property variations as function of film-depth is
key for advanced device design.

Depth profiling methods have attracted increasing interest
to determine film-depth-dependent variations. For instance,
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incremental etching of thin films with high-energy ions is used
for depth profiling in combination with secondary ion mass
spectroscopy,'®'® X-ray photoelectron spectroscopy,’*** and
ultraviolet photoelectron spectroscopy.>® Such analysis techniques
rely on either detecting the vaporized (etched) ionic species or
probing the etched surface. However, the vaporized species and
etched surface are usually chemically and functionally modified
by the etching process compared to the pristine original material,
which reduces the reliability and applicability of these methods.
Moreover, the etching rate can significantly differ for different
film components, so that the sample composition at the etched
surface can significantly deviate from the actual composition
before etching. Therefore, these surface analytical techniques
are only applicable to a limited fraction of samples, and they
are rather cost-intensive and not readily accessible in most
laboratories. Therefore, a complementary method that does not
face these mentioned challenges would boost studies of film-
depth-dependent characteristics of organic thin films and enable
to improve thin film engineering.

Recently, film-depth-dependent ultraviolet-visible (UV-Vis)
absorption spectroscopy”*>® has been introduced and applied
to several organic films. With this method, the desired informa-
tion is derived from the light transmitted through the sample
after incremental etching-steps, thus probing the entire
remaining film, instead of just the surface. This method could
partly resolve the limitations of surface analysis and provide
insight into film properties in a depth-resolved manner, covering
a wide thickness range from a few to hundreds of nanometers.
However, non-conjugated organic materials are mostly wide-gap
insulators and do not have notable UV-Vis absorption. Moreover,
UV-Vis spectroscopy is based on electronic excitations, which are
often coupled with molecular vibrations, and thus spectra can be
rather broad. In addition, UV-Vis spectra also strongly depend on
crystallinity, molecular orientation and conformation. Conse-
quently, film-depth-dependent UV-Vis spectra usually contain
multiple complex peaks with possibly ambiguous variation of
profiles along the surface-normal direction, which thus induces
a practically poor resolution in terms of both wavelength and
film depth. These issues make analysis very challenging or imply
a large error margin.

Compared to UV-Vis absorption, infrared light absorption,
corresponding to molecular vibrational excitations, usually features
much better defined peaks in the spectra. In fact, infrared light
tomography has been used for medical,*® materials,*® and environ-
mental®® applications. Also, infrared spectroscopy in conjunction
with atomic force microscopy® (AFM) is emerging as a microscopic
analysis technique for in-plane mapping of organic blend films.
However, because the wavelength of infrared light is on the order of
a micrometer or longer, which is more than the typical organic film
thickness on the order of 100 nm or less in organic electronics, the
spatial resolution of infrared tomography is not sufficient for film-
depth profilometry.

Taking the above considerations into account, we here intro-
duce an infrared spectroscopy based profilometry, film-depth-
dependent infrared (FDD-IR) spectroscopy, that uses the vibrational
spectra distribution along the surface-normal direction in
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conjunction with soft plasma etching. This depth profiling
method can be used for conjugated and non-conjugated
organic materials, or for neutral molecules and ionized species,
with sufficient wavelength resolution and depth resolution
reaching around one nanometer. This work is organized by
the following way. First, the method is introduced, verified and
optimized by the use of a classic polythiophene semiconductor.
Subsequently, the depth profiling method is applied to bilayers
to confirm its validity. Afterwards, conducting polymer:insulating
polymer (for OFETs) and donor:acceptor (for OPVs) bulk hetero-
junctions are used as examples to demonstrate the wide applica-
tions of this method. Finally, to extend the measurement
capability of FDD-IR from neutral molecule materials to ion
systems, a doped OSC film is used to investigate ionized dopant
distributions along the film-depth direction.

Results and discussion
Principles of FDD-IR spectroscopy

The general measurement sequence for FDD-IR spectroscopy is
illustrated in Fig. 1a. Part of the infrared light emitted by the
source transmits through the film and substrate and is monitored
by a detector. In the present studies calcium fluoride (CaF,) was
used as substrate because it is transparent for infrared light in the
range of 3500 cm ™ '-1000 cm ™ '. After acquisition of a spectrum
the organic film is etched by low pressure glow plasma (soft
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Fig. 1 Schematic diagram of FDD-IR spectroscopy upon surface-selective
etching method. (a) The red line represents the incident and transmitted
infrared light of FDD-IR spectroscopy. The infrared absorption spectra of the
organic thin films are measured during the surface-selective etching without
the damage to the underneath materials. The FDD-IR spectra are extracted
from the evolution of the transmission light intensity, and therefore measures
the bulk materials rather than the etched surface. (b) The infrared spectra of
pure P3HT films without or with treatment by argon plasma with different
argon pressure and UV ozone, respectively. Low pressure glow plasma
warrants effective etching for FDD-IR spectroscopy. (c and d) Schematic
diagram of etching by glow discharge at low argon pressure (c, soft plasma)
and filamentous discharging at high argon pressure (d). During the discharge,
the microscopic filaments could ruin the organic materials and therefore
should be carefully avoided for the FDD-IR measurements.
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plasma), and afterwards another spectrum from the etched film is
recorded. The variation of the spectra during etching is thus used
to extract the spectrum of the etched sublayer. This sequence is
then accordingly repeated, to sequentially obtain the spectrum of
each sublayer. Besides, it is recommended to implement suitable
means to guarantee that the same location of film is measured in
the process of collecting the FDD-IR spectra upon soft plasma
etching back and forth, e.g., by using markers. A prerequisite for
this approach is that we selectively etch the film surface gradually
towards different film depth, keeping the properties of the
remaining film unchanged. This can be achieved by optimized
low pressure plasma etching, as demonstrated exemplarily here
for poly(3-hexylthiophene) (P3HT), which is a prototypical con-
jugated polymer semiconductor for use in OFETs** and OPV
cells.* Fig. 1b compares the infrared spectra of P3HT films before
and after treatment with low pressure (20 Pa, 2 min) argon
plasma, high pressure (200 Pa, 2 min) argon plasma, and ultra-
violet (UV) ozone (atmospheric pressure, 5 min) etching, respec-
tively. After low pressure plasma treatment, the infrared spectrum
of the etched P3HT film is virtually identical to that of the pristine
one. In contrast, significant changes, in terms of both infrared
(IR) intensity and peak positions, are observed after treatments by
high pressure plasma and UV ozone, which indicates that the
treated films comprise no longer only intact P3HT. Fig. 1c and d
schematically show the different effects of glow discharge treat-
ment (at low pressure) and filamentous discharge (at high pres-
sure). At low pressure, surface-selective etching is realized via the
interaction of plasma species and the organic material, and the
etching is homogenous at the surface.®® Filamentous discharge,
in contrast, etches the sample in-homogeneously and damages
the material locally due to high energy and high density ion
pulses. AFM (Fig. S1a-d, ESIt) revealed little changes of surface
roughness by glow discharge plasma etching at low pressure,
while both high pressure argon plasma and UV ozone etching
significantly increased the surface roughness, in addition to
damaging the material as seen from the IR spectra. In fact, it
is known that filamentous discharge at high pressure may
puncture the film and thus damage the material underneath the
surface.>**® Therefore, low pressure plasma etching is an ideal
surface-selective etching technique suitable for FDD-IR spectro-
scopy, rendering the remaining film intact.

Having established that low pressure plasma etching is suitable
for our purpose, we demonstrate the capability of FDD-IR spectro-
scopy with respect to depth-profiling for representative examples
pertaining to organic electronics in the following. Many organic
materials exhibit dozens of vibrational peaks that may actually
overlap spectrally, so that the investigation of blends of materials
with diagnostic spectral features is more straightforward. For
instance, carbonyl (C—O0) and cyano (C=N) groups are two
representative moieties in organic materials that provide for such
a fingerprint. Three model blend systems used in OFET, OPV and
doped OSCs applications were chosen, ie., PMMA:PDPPDTT,*
PM6:Y6'°** and FATCNQ:P3HT (for chemical structures see in
Fig. 2). The IR-diagnostic groups are 2,5-(2-octyldodecyl)-3,6-
diketopyrrolopyrrole (DPP),** the ester group, the cyano group,
benzo[1',2'-c:4' 5'-¢'|dithiophene-4,8-dione (BDD),* and 1,1-dicyano-
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PMMA FATCNQ

PM6 Y6

Fig. 2 The model materials studied for FDD-IR: PDPPDTT, PMMA, FATCNQ,
PM6 and Y6. The highlighted chemical groups containing C—0O or C=N
bonds contribute to strong vibronic absorptions in the mid-infrared region.

methylene-3-indanone (IC),*> and they are highlighted by color
in Fig. 2.

FDD-IR spectroscopy of PMMA/PDPPDTT bilayer and blend
films

As benchmark, a bilayer structure of PMMA (20 nm thick)/
PDPPDTT (30 nm), prepared by orthogonal solvent casting, was
used to demonstrate the capability of depth profiling. Fig. 3a
shows the evolution of FDD-IR spectra of the PMMA/PDPPDTT
bilayer film as function of low pressure plasma etching time, at
each step for 45 s. Overall, all peaks in the 3500-1000 cm ™"
region gradually disappear with increasing etching time. In
more detail, the intensity of the peak at 1729 cm™ ' (C=O of
PMMA) gradually decreases towards zero, and only from this
point onwards the intensity of the peak at 1666 cm™ ' (C=0 of
PDPPDTT) starts to drop until the bilayer film is completely
etched. The peak positions and line shapes remain unchanged
throughout, which already proves the feasibility and practic-
ability of depth profiling by FDD-IR spectroscopy. To further
examine the depth profiling method and expand its applica-
tions, PMMA:PDPPDTT blend films are utilized to study the
composition distribution along the surface-normal direction.
Fig. 3b and c show the evolution of FDD-IR spectra of PMMA :
PDPPDTT (weight ratio 4:1) and PMMA:PDPPDTT (weight
ratio 1:1) blend films during soft plasma etching, respectively.
All these blend films are also etched by low pressure argon
plasma with etching time 12 s for each step. Again, all infrared
peaks in the 3500-1000 cm ' region gradually decrease in
intensity with increased etching time. Owing to relatively fewer
carbonyl groups per unit mass of PDPPDTT compared with that
of PMMA, and the lower content of PDPPDTT in the PMMA:
PDPPDTT (4:1) blend film, the intensity of PDPPDTT (C—O0) at
1666 cm ™' is comparatively weak. Thus, another diagnostic
infrared double-peak (1496 cm ' to 1610 cm™ ') (C—=C) repre-
sentative of PDPPDTT is used for further analysis and shown
in detail on the right side of Fig. 3b and c. Both the double-
peak representing PDPPDTT and the carbonyl peak (PMMA) at
1729 cm™ " are used in the following for calculating the compo-
sition distribution along the surface-normal direction.
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Fig. 3 Applications of FDD-IR in semiconductor:insulator polymer blends for OFETs. (a—c) Depth profiling of PMMA/PDPPDTT bilayer film (a), PMMA:
PDPPDTT (4:1) (b) and PMMA: PDPPDTT (1:1) (c) blend films. The peaks in the shaded region, which represent the characteristic functional groups of
different materials, are re-scaled in the right side of (a), (b) and (c), respectively. (d—f) The numerically fitted FDD-IR spectroscopy of PMMA/PDPPDTT bilayer
film (d), PMMA: PDPPDTT (4:1) (e) and PMMA: PDPPDTT (1:1) (f) blend films. The FDD-IR spectra at different film-depth are fitted by Gaussian distribution
and vertically re-arranged from the top to the bottom surface of organic films. (g and h) Composition distribution profiles at different film-depths. The darker
square symbols are numerically extracted from (b and c), while other shaped symbols are obtained from the identical experimental measurements of other
four samples. The colored regions are guides to eyes. (i) OFET transfer characteristics of PMMA : PDPPDTT (4:1) and PMMA : PDPPDTT (1:1) blend films.

According to the Lambert-Beer law, the absorbance of the
film (4) is defined as A = —log[I/(I, — Iy)], where I, I,, and I are
the intensity of transmitted, incident, and reflected infrared
light, respectively. Iz can be ignored in the infrared measure-
ments. We assumed that the film is composed of n sublayers,
and each sublayer is located at different film-depth. Therefore,
the intensity of infrared light after passing through n sublayers
is obtained as

I=(h—1IR) H 1074 = (1) — Ir)10 — En:A,- (1)

i=1 i=1

1464 Mater. Horiz., 2021, 8,1461-1471

Comparing the above equation with I = (Io — Ir)10* shows that
the total absorbance of the film is equal to the linear superposition
of the absorbance of each sublayer (4;), A = A; +A, + - - - + A,,. Thus,
the IR spectrum at each film depth of the organic film can be
extracted upon subtracting the spectrum before etching from that
after etching. After repeated subtractions procedures, we thus
acquire the FDD-IR of all sublayers.

Fig. 3d-f show the FDD-IR spectra after Gaussian fitting for
the PMMA/PDPPDTT bilayer film and PMMA : PDPPDTT (4: 1 and
1:1) blend films, which are originally extracted from Fig. 3a-c by
the following method. At first, all characteristic peaks are fitted by

This journal is © The Royal Society of Chemistry 2021
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a Gaussian distribution, and the detailed fitting process is shown
in the Fig. S2a-c (ESIt). Then, the numerically fitted FDD-IR
spectra are obtained from Lambert-Beer law. All fitted FDD-IR
spectra are arranged separately along the blue arrow (Fig. 3d-f),
each spectrum corresponding to a sublayer inside the organic thin
films. In principle, all organic films discussed here could be
divided into more sublayers through incremental soft plasma
etching. However, to avoid experimental errors, all organic films
reasonably were chosen to consist of 6 to 8 sublayers, and the
number of sublayers corresponds to the number of etching steps.
In Fig. 3d, the peaks of PMMA (C—O0) only exist in the top four
sublayers, while the peaks of PDPPDTT (C=—O0) are present only in
the bottom four sublayers, ie., the interface is as sharp as
expected. For fitting the FDD-IR spectra of PMMA : PDPPDTT
(4:1) blend film in Fig. 3e, the film is assumed to consist of
seven sublayers, in which the double-peaks (C—C) of PDPPDTT
mainly present in the first and last sublayers and the peaks of
PMMA (C=0) appear in all sublayers. As for the FDD-IR fitting of
the PMMA : PDPPDTT (1:1) blend film in the Fig. 3f, the film is
also composed of seven sublayers, in which the intensity of the
double-peak gradually decreases from top to bottom. The peak of
PMMA (C=O0) reaches its maximum intensity below the upper
two sublayers. The Lambert-Beer law model of infrared spectra
explained above enable obtaining the composition distribution
profiles across the film thickness as shown in Fig. 3g and h. The
zero (0 nm) in Fig. 3g and h corresponds to the top surface of the
blend films and the thicknesses of the two blend films are both
30 nm. In Fig. 3g and h, the different symbols correspond to
measurements done on five nominally identically prepared films,
to improve the reliability of the results. It is observed that
PDPPDTT is primarily enriched at the surface (sublayer thickness
5 nm) of the PMMA : PDPPDTT (4:1) blend film, while its content
sharply decreases towards the bottom (Fig. 3g), showing a well-
defined vertical phase separation. For the PMMA : PDPPDTT (1:1)
blend film, the composition distribution (Fig. 3h) shows a
different scenario from that of the PMMA:PDPPDTT (4:1)
blend. The content of PDPPDTT gradually decrease from top to
bottom surface of the blend film. Although the composition
distributions in the two cases are different, the surface of both
blend films is covered by a ca. 5 nm thick semiconducting
PDPPDTT sublayer. Additionally, the thicknesses of original
blend films before etching were measured by a step profiler,
while the thicknesses of etched blend films were obtained by the
variation of the IR spectra intensity, as explained in the Experi-
mental section.

Charge transport properties are key for the performance of
OFETs, and they are strongly influenced by the composition
distribution of the blend films along the surface-normal direc-
tion. Transfer curves and output curves of bottom-gate top-
contact OFETs made with PMMA: PDPPDTT blend films are
shown in Fig. 3i and Fig. S3 (ESIY). The overall performance of
the PMMA : PDPPDTT (4 :1) blend film transistor is better than
that made with the PMMA : PDPPDTT (1: 1) blend, although the
former has a higher insulator content. For the PMMA:
PDPPDTT (4:1) blend film transistor, the mobility, on/off ratio,
and threshold voltage (Vy,), are 1.09 cm®> V' s, 10°, and 0 V,

This journal is © The Royal Society of Chemistry 2021
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respectively. For the PMMA : PDPPDTT (1: 1) blend film transistor,
these values are 0.51 cm?® V' s7!, <10° and 5 V, respectively.
As seen from Fig. 3g and h, PDPPDTT accumulates at the top of
PMMA : PDPPDTT (4:1) blend film, forming a continuous and
uniform semiconducting sublayer, which enhances charge trans-
port and leads to a higher field-effect mobility compared to
PMMA :PDPPDTT (1:1) transistors. The uniformly distributed
insulating PMMA without PDPPDTT ensures high electrical resis-
tance of the dielectric sublayer, which is beneficial for the on/off
characteristics. Actually, many polymer semiconductor:insulator
blends with similar vertical phase separation have been widely
used for OFETs, which have shown superior performance if the
morphology is optimized, as compared with the pure conjugated
polymers.***® The inert PMMA insulator matrix not only
improves the crystalline ordering of PDPPDTT, but also shields
the charge traps on the SiO, surface.

FDD-IR spectroscopy for OPV cells

Subsequently, we turn to the application of FDD-IR for OPV
investigations. To confirm the reliability of the FDD-IR method,
an ideal bilayer was employed firstly. A donor/acceptor bilayer
film of PM6 (200 nm)/Y6 (80 nm) was fabricated by a transfer
method and the evolution of FDD-IR spectra as function of
etching time (6 min for each step) is shown in Fig. 4a. The peak
at 1647 em™ " (C=0), characteristic of PM6, decreases to zero
during the incremental etching, followed by the decrease of the
Y6 fingerprint-peaks at 1697 ¢cm™' (C=O) and 2216 cm ™'
(C=N). Additionally, two different blend films (as-cast and
solvent-annealed (over annealed) PM6:Y6) were investigated to
further validate our methodology. Fig. 4b and c shows the
evolution of FDD-IR spectra of these blend films as a function
of etching time, each step corresponding to 2.5 min. All
infrared peaks in the range 3500-1000 cm™ ' gradually drop
in intensity with increasing etching time, without any apparent
peak-shift. The peaks in the shaded region, which represent the
characteristic vibrations of PM6 and Y6, are shown separately
on the right side of Fig. 4a-c. Also here, Gaussian fitting and
sublayer calculations were performed in analogy to the blends
used for OFETs, and the results are shown in Fig. 4d-f. Fig. 4d
shows that the bilayer film is made up of eight sublayers, in
which the peaks of PM6 (C—O) show up in the top four
sublayers and the peaks of Y6 (C—O) in the bottom three
sublayers. As for the fitting of FDD-IR for as-cast and solvent-
annealed PM6:Y6 blend films in Fig. 4e and f, the leftmost peak
is characteristic of PM6, while other two column peaks repre-
sent the carbonyl and cyano vibrations of Y6. For clarity, the
as-cast PM6:Y6 (Fig. 4e) blend film is divided into five sub-
layers. Each sublayer has different PM6 (C—O0) and Y6 (C—O0)
absorption intensity, implying a different composition in each
sublayer. The solvent-annealed PM6:Y6 blend film (Fig. 4f) is
also modeled as being composed of five sublayers, in which the
peak intensity of Y6 (C—O and C=N) is very weak in the first
sublayer, indicating an enrichment of PM6 on the top surface
of the film. The detailed fitting process of all characteristic
peaks for these samples is shown in the Fig. S2d-f (ESIY).
In addition, due to the weak intensity of the infrared peak at
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Fig. 4 Applications of FDD-IR in organic donor:acceptor bulk heterojunction for OPVs. (a—c) Depth profiling of PM6/Y6 bilayer film (a), as-cast (b) and
solvent-annealed (c) PM6:Y6 blend films. The peaks in the shaded region, which represent the characteristic functional groups of different materials, are
re-scaled in the right side of (a), (b) and (c), respectively. (d—f) The numerically fitted FDD-IR spectroscopy of PM6/Y6 bilayer film (d), as-cast (e) and
solvent-annealed (f) PM6:Y6 blend films. The FDD-IR spectra were fitted by Gaussian distribution. (g and h) Composition distribution profiles at different
film-depths. The darker square symbols are numerically extracted from (b and c), while other shaped symbols are obtained from the identical

experimental measurements of other four samples. The colored regions
photovoltaic devices measured under AM 1.5G illumination.

the bottom of Fig. 4c, it is not useful to numerically fit this
infrared peak, as also confirmed in the Fig. S2f (ESIT). The fifth
fitting infrared peak at the bottom of Fig. 4f is corresponding to
the penultimate infrared peak in Fig. 4c. Consequently, the fifth
fitting infrared peak at the bottom of Fig. 4f is the sum of the
rightmost two sets of data points (depth of about 75 nm and
95 nm) in Fig. 4h. Nevertheless, all component distribution results
are extracted from the original data rather than the fitted data.
The vertical composition distributions of as-cast and solvent-
annealed PM6:Y6 blend films are shown in Fig. 4g and h.
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are guides to eyes. (i) J-V curves of as-cast and solvent-annealed PM6:Y6

The thicknesses of the two kinds of blend films are both 100 nm,
which was also measured by a step profiler, and the thickness of
films during etching was obtained by the same spectroscopic
way as explained above for PMMA:PDPPDTT blend films. It is
noted that the peaks of PM6 at 1647 cm™ ' (C=0) and the peaks
of Y6 at 2216 cm ' (C=N) were utilized for composition
calculations. For the as-cast blend film, the content of PM6
and Y6 along the surface-normal direction varies only slightly,
demonstrating a good miscibility of PM6 and Y6 throughout the
blend film. In contrast, solvent annealing leads to an enrichment
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of PM6 at the top and bottom of the film, while Y6 is mainly located
in the middle of the blend film, corresponding to a sandwich-like
morphology with an apparent vertical phase separation.

It is apparent that the power conversion efficiency of OPV
cells made with the as-cast blend film (up to 15%) is much
higher than that of the solvent-annealed one (~4.5%) (Fig. 4i).
After solvent annealing for a long time, the short-circuit current
density (Js.) and fill factor sharply drop, leading to the huge loss
in power conversion efficiency. J,. decreases from 25.03 mA cm >
of the as-cast film to 9.51 mA cm™? of the solvent-annealed film,
while fill factor decreases from 70% to 56%, although the open-
circuit voltage (V,.) of the two OPV cells is almost identical. The
evolution of FDD-IR spectroscopy profiles (Fig. 4b and c) and
composition distribution profiles (Fig. 4¢ and h) demonstrate
that large vertical phase separation due to intensified annealing
results in the remarkable decrease of device performance. In
fact, the optimal solvent annealing time for active layers is often
less than one minute in sufficient solvent atmosphere. It has
been shown that solvent annealing times of two minutes or
more (intensified solvent annealing) cause device performance
degradation.”’

FDD-IR spectroscopy on doped OSCs

FDD-IR spectroscopy can be applied to not only to films with
charge-neutral components, but also with ionic species. In the
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following, we exemplify this to investigate the dopant-ion distribu-
tion along the film-depth for doped OSCs. Two kinds of
dopant:OSC films were investigated: the p-type dopant FATCNQ
was spin-coated onto neat P3HT films (thickness 80 nm) either
from acetonitrile (MeCN) or from tetrahydrofuran :dichloro-
methane (with a volume ratio 3:1). The evolution of corres-
ponding FDD-IR spectra is shown in Fig. 5a and b. The peak at
2227 em ' (C==N) is assigned to neutral FATCNQ and the
peaks from 2100 cm ' to 2218 cm ' (C=N) belong to
negatively charged FATCNQ (FATCNQ ), which gives rise to the
doping effect. The absorption of P3HT is in the range of 2800-
3000 cm™". All infrared peaks in the range 3100-1000 ¢cm '
gradually drop in intensity with incremental etching time. The
peaks in the colored shaded region, which are the cyano-group
stretch modes of FATCNQ ™ and FATCNQ, are shown separately
on the right side of Fig. 5a and b. Notably, charged and neutral
FATCNQ coexist through the entire films along the surface-normal
direction. Next, the composition distribution of (P3HT + P3HT")
over (FATCNQ + FATCNQ ) was numerically extracted and is
shown in Fig. 5¢ and d. For both films, the amount of (P3HT +
P3HT") gradually increases from surface to substrate. In contrast,
the amount of (FATCNQ + FATCNQ ) shows the opposite
trend. For the sample where FATCNQ was cast from MeCN,
the content of (FATCNQ + FATCNQ™) is high only in the
depth location 0-40 nm below the top surface. In contrast, the
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Fig. 5 Applications of FDD-IR in doped OSCs. (a and b) Depth profiling of FATCNQ:P3HT films fabricated upon sequentially processed method.
FATCNQ was spin-coated from MeCN (a) or co-solvent (b) onto pre-coated P3HT layer. The peaks in the shaded region, which represent the cyano-

group of different charged states, are re-scaled in the right side of (a) and (b),

respectively. (c and d) Composition distribution profiles of (P3HT + P3HT™)

and (FATCNQ + FATCNQ") at different film-depths. The darker square symbols are numerically extracted from (a and b), while other shaped symbols are
obtained from the identical experimental measurements of other four samples. The colored regions are guides to eyes. (e) The content of FATCNQ or
FATCNQ™ at different film-depths in doped films derived from (a) and (b). (f) Acpx/AicT ratio numerically extracted from (a) and (b).
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(FATCNQ + FATCNQ™) content is high even at the depth 60 nm
below the top surface, and a plateau appears between 40 nm and
60 nm film-depths in the FATCNQ:P3HT film made with the dopant
from the co-solvent, demonstrating a more apparent swelling beha-
vior compared to that from MeCN. It should be additionally noted
that the thicknesses of all doped OSC films by the soft plasma
etching were measured by a step profiler after each etching.

The content of FATCNQ and FATCNQ ™ at different film-
depth in the doped OSC films was numerically extracted from
FDD-IR (Fig. 5¢). The initial doping degree, i.e., the fraction of
dopant anions compared to the overall number of dopants
added, can be calculated in the Fig. S4 (ESIt). The amount of
FATCNQ and FATCNQ™ decreases from the top to the bottom
surface of the film, in agreement with the component distribu-
tion discussed above (Fig. 5¢ and d). As for the FATCNQ:P3HT
(MeCN) film, the concentration of FATCNQ and FATCNQ ™~ drop
rapidly within 40 nm from the surface, while the content of
FATCNQ and FATCNQ™ decreases more gently in FATCNQ:P3HT
(co-solvent) film, especially for the neutral FATCNQ fraction.
Actually, P3HT film deposited from solution usually has a
vertical phase segregation, and the film top surface typically
features higher crystallinity and lower ionization energy.>® There-
fore, after the inclusion of dopant FATCNQ during film swelling,
the doping concentration at the top surface is higher than
the bulk.

A more detailed data analysis is done to retrieve the relative
fraction of integer charge transfer (ICT) and charge transfer
complex (CPX) states, both of which can occur upon doping
P3HT with FATCNQ.”*"**> All FATCNQ™ peaks (C=N) from
2100 cm™ "' to 2218 cm ™" are analyzed in detail (Fig. S5 andS6,
ESIt), where the peak at 2203 cm ' is considered as the
characteristic absorption of the CPX state, while those at
2169, 2179, 2186 and 2194 cm ' indicate the ICT states. The
absorbance ratio at 2203 cm™* and 2186 cm™*, noted as Acpx/
Ajcr, is utilized to visualize the distribution of the two different
charge transfer states along the surface-normal direction.
Fig. 5f shows that CPX states mainly exists within 20 nm of
the top surface, and ICT states dominate the whole film made
with the dopant coated from MeCN. In contrast, both CPX and
ICT states co-exist throughout the film doped from co-solvent.
Besides, the ratio of CPX to ICT is at a higher level both at the
surface and bottom of such films.

As shown above, quantitative vertical diffusion and compo-
nent distribution in doped OSCs can be reconstructed in great
detail. For these films, during the sequential deposition process,
the FATCNQ dopants deeply diffuse into the host P3HT, depending
on the chosen conditions. The electrical conductivity of the
films made with MeCN is 0.2 S cm™* and that with co-solvent is
0.1 S ecm ', Considering the dopant and thus charge distribu-
tion is film-depth dependent, the electrical conductivity is also
film-depth dependent. Sublayers close to the substrate should
contribute little to overall conductivity due to relatively low
doping concentration. Consequently, revealing the distribution
of dopants and different charge states (ICT and CPX) inside the
films by FDD-IR spectroscopy is essential for obtaining an
improved understanding of doped OSCs.
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On the resolution and reliability of FDD-IR

The resolution of FDD-IR pertains to the detection capability in
terms of spectral wavenumber and film-depth. The spectral resolu-
tion depends on the spectrometer and is most commonly well
around 1 cm™'. However, the film-depth resolution is more
involved, and depends on eventual film roughness changes during
etching and the IR intensity of the characteristic vibrations. From
our experimental studies conducted so far for many organic films
with low surface roughness during soft plasma etching, 1 nm
change of thickness during etching could be reliably detected by
the infrared spectrometer, therefore we experimentally find that the
best resolution along the film depth is around 1 nm. Fortunately,
for many high performance organic electronic films, the film
roughness is much lower than the film thickness and the resolu-
tion of film-depth infrared spectra is sufficient to determine film-
depth composition variations. For instance, the morphology during
the surface-selective etching was investigated by AFM. The as-cast
film of the PM6:Y6 blend etched for different times did not exhibit
significant variations (Fig. S7a-d, ESIf). This enables exploring the
intrinsic properties along the surface-normal direction for blend
films and also provides evidence that the etching rate of these two
components is very similar for the employed soft plasma. Although
the etching by low pressure argon plasma is surface selective,
without damage to the material underneath, it is noted that the
very surface should yet be different from the intrinsic material.
However, for most organic materials any significant surface
damage would show up by new infrared peaks appearing, so that
problematic data acquisition can be readily identified.

Conclusions

We introduce FDD-IR spectroscopy profilometry as a versatile
method to determine the composition of organic thin films as a
function of the vertical position within the films. It is based on
vibrational spectra variations of characteristic chemical groups
along the surface-normal direction, with incremental removal of
material by a soft plasma etching. This depth profiling metho-
dology can be used for both conjugated and non-conjugated
organic materials, allowing reliable identification of species, and
a spatial resolution of one nanometer along the film depth was
achieved. We demonstrate the application of this depth profiling
method for device characterization and optimization, including
semiconductor/insulator blend films for OFETs, organic bulk
heterojunction films for OPVs, and doped OSCs. The method
enables measuring the intrinsic properties of the organic films
because the etching can be optimized to not detrimentally
impact more than the very film surface. The method is thus
generally applicable to organic films, and it is a comparably
easily accessible method for many laboratories.

Experimental section

Materials

P3HT (MW = 13 kDa), PDPPDTT (MW = 290 kDa), PMMA (MW =
350 kDa), PM6 (MW = 87 kDa), Y6 and FATCNQ are commercially
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available. Perylene diimides derivative with amino N-oxide
(PDINO) and PEDOT:PSS were purchased from Solarmer Ltd.
o-Dichlorobenzene, chloroform, toluene, acetonitrile, tetrahydro-
furan, dichloromethane, n-butyl acetate and n-octyltrichlorosilane
were all purchased from Sigma-Aldrich Inc. Unless otherwise
stated, all materials were used without further purification.

Substrate treatments

Patterned indium tin oxide (ITO) glasses (sheet resistance
15 Q sq ') were sequentially cleaned with ultrasonic cleaner
in deionized water, acetone and isopropyl alcohol. After drying
with N, flow, the ITO substrates were treated with UV ozone for
20 min. Then, the PEDOT:PSS layer was spin-coated on the ITO
at 5500 rpm and then baked at 150 °C for 10 min under ambient
condition. The CaF, and Si/SiO, substrate were also cleaned by
the same way.

Bilayer film fabrication

PMMA/PDPPDTT bilayer. The PDPPDTT solution (10 mg mL ™"
in toluene) was spin-coated at 1500 rpm onto the CaF, substrate.
After drying, the PMMA solution (10 mg mL™" in n-butyl acetate)
was spin-coated at 1500 rpm onto the PDPPDTT layer to form the
bilayer film.

PM6/Y6 bilayer. The Y6 solution (8 mg mL ™" in chloroform)
was spin-coated at 2000 rpm onto the CaF, substrate. The PM6
solution (8 mg mL " in chloroform) was spin-coated at 2000 rpm
onto the ITO substrate coated with PEDOT:PSS. And then, it was
slowly immersed into deionized water and thus PM6 film was
floated on the water, which was subsequently picked up by the
Y6 film coated on the CaF, to form a PM6/Y6 bilayer film.

Blend films fabrication

Five blend films prepared under the same conditions are mea-
sured to ensure the reproducibility and the reliability of FDD-IR
method.

Fabrication of PMMA : PDPPDTT (4:1) and PDPPDTT : PMMA
(1:1) films for infrared measurement. The cleaned Si/SiO,
substrates were treated by oxygen plasma for 5 min, and then
modified with n-octyltrichlorosilane (volume concentration =
0.2%) in toluene at 80 °C for 2 h. The blend solutions of
PMMA:PDPPDTT (4:1) (Total concentration 10 mg mL "'
in o-dichlorobenzene, PMMA :PDPPDTT = 4:1) and PMMA:
PDPPDTT (1:1) (total concentration 10 mg mL ™' in
o-dichlorobenzene, PMMA : PDPPDTT = 1:1) were spin-coated
at 2000 rpm in N, atmosphere and annealed at 150 °C for 30 min.
Then, it was placed into HF atmosphere for a few seconds and put
into deionized water immediately. Thus, these films were floated
on the water surface and then picked up by cleaned CaF,.

Fabrication of PM6:Y6 (as-cast) and PM6:Y6 (solvent-
annealed) films for infrared measurement. The blend solutions
of PM6:Y6 (as-cast) (total concentration 16 mg mL " in chloro-
form, PM6:Y6 = 1:1.2) and PM6:Y6 (solvent-annealed) (total
concentration 16 mg mL™ " in chloroform, PM6:Y6 = 1:1.2) were
spin-coated at 2500 rpm on the prepared ITO coated with
PEDOT:PSS in N, atmosphere. For PM6:Y6 (solvent-annealed)
blend films, they were annealed for 2 min (over annealed) in the
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chloroform atmosphere. And then, it was placed into deionized
water and the blend films were floated on the water, followed with
scooping up by cleaned CaF,.

FATCNQ:P3HT films fabrication for doped OSCs. Two kinds
of films were both fabricated by sequentially processed
method. P3HT solution (20 mg mL ™" in o-dichlorobenzene)
was spin-coated at 1000 rpm on pre-cleaned CaF,. Afterwards,
the FATCNQ solution (5 mg mL ™' in MeCN) was spin-coated
onto the P3HT layer to form the doped OSCs film. Alternatively,
FATCNQ solution (5 mg mL ™" in tetrahydrofuran :dichloro-
methane co-solvent with a volume ratio 3:1) was spin-coated
onto the P3HT layer.

Device fabrication

Fabrication of PMMA:PDPPDTT (4:1) and PMMA:
PDPPDTT (1:1) blend films for OFETs. The device and infrared
measurement films were prepared under the identical conditions.
The blend films PMMA:PDPPDTIT (4:1) or PMMA : PDPPDTT
(1:1) were deposited on the cleaned and OTS-modified Si/SiO,
substrates with 300 nm thick SiO,. After annealing, the gold source
and drain were obtained upon thermally evaporation under the
vacuum condition of 4 x 10 Pa, and the resulting thickness was
about 30 nm. The channel length and width of the bottom-gate
top-contact devices was 300 um and 3 mm, respectively.

Fabrication of PM6:Y6 (as-cast) and PM6:Y6 (solvent-annealed)
blend film for OPVs. The device and infrared measurement films
were prepared under the identical conditions. Organic photovol-
taics were fabricated with a structure of ITO/PEDOT:PSS/active
layer/PDINO/AL. The PEDOT:PSS was spin-coated on the cleaned
ITO at 5500 rpm for 20 s and then baked at 150 °C for 10 min
under ambient condition. And then the devices were transferred
to a nitrogen glove box. After that, the PM6:Y6 blend were
deposited on the prepared ITO coated with PEDOT:PSS. And then,
the PDINO dissolved in methanol at 1 mg ml~" was spin-coated
on the active layer at 3000 rpm for 30 s. Finally, 100 nm Al was
deposited by thermal evaporation under the vacuum condition of
4 x 10~* Pa.

Film-depth determination by FDD-IR for OFETs and OPVs

In this work, the density of each component is assumed to be
the same (1.3 g cm?). The thickness of the sublayer film for the
binary blend film (X:Y) during etching is estimated as follows:

X Aix y AiY)
D; = D* X = X — 2
' (x +y Arx x+y Ary @

where D; is the thickness of No. i sublayer, D is the total
thickness of blend film. For the materials, X and Y, the overall
weight ratio of X:Y equals to x:y. A;x and A;y are the absor-
bance of X and Y in i sublayer, which can be calculated from
the FDD-IR spectroscopy. Arx and Ary, obtained from the
infrared spectrum before etching, are the total absorbance of
X and Y in the whole blend films, respectively. For the accuracy
of the experiment results, the peak area was utilized as the
absorbance.
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Characterization

All infrared spectroscopy measurements were conducted via
Thermo Scientific Nicolet 6700 in ambient. CaF, substrate were
used for all of the test films.

The surface-selective-etching process were all conducted by
a Femto plasma cleaner (Diener Electronic GmbH & Co0.KG)
under the condition of argon plasma pressure below 30 Pa and
glow discharge frequency 13.56 MHz.

The current density-voltage (J-V) characteristics of the
photovoltaic devices were measured in the glove box by a
Keithley 2400 Source-Measure unit. A Newport solar simulator
was utilized to measure the performance of devices under
AM1.5G (100 mW cm ™ 2), which was calibrated using a standard
Si photodiode detector for light intensity.

The transistors were measured with an Agilent Keysight
B2900A Quick IV system in ambient. Drain-source voltage (Vp)
was fixed at —60 V for all transfer characteristics measurements.
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