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The electronic wave functions of an atom or molecule are affected by its interactions with its environment.
These interactions dictate electronic and optical processes at interfaces, and is especially relevant in the case
of thin film optoelectronic devices such as organic solar cells. In these devices, charge transport and interfaces
between multiple layers occur along the thickness or vertical direction, and thus such electronic interactions
between different molecules—same or different—are crucial in determining the device properties. Here, we
introduce an in situ spectroscopic ellipsometry data analysis method called differential analysis in real time
(DART) with the ability to directly probe electronic coupling due to intermolecular interactions along the
thickness direction using vacuum-deposited organic semiconductor thin films as a model system. The analysis,
which does not require any model fitting, reveals direct observations of electronic coupling between frontier
orbitals under optical excitations leading to delocalization of the corresponding electronic wave functions with
thickness or, equivalently, number of molecules away from the interface in C60 and MeO-TPD deposited on an
insulating substrate (SiO,). Applying the same methodology for C60 deposited on phthalocyanine thin films,
the analyses shows strong, anomalous features—in comparison to C60 deposited on SiO,—of the electronic
wave functions corresponding to specific excitation energies in C60 and phthalocyanines. Translation of such
interactions in terms of dielectric constants reveals plasmonic type resonance absorptions resulting from oscilla-
tions of the excited state wave functions between the two materials across the interface. Finally, reproducibility,
angstrom-level sensitivity, and simplicity of the method are highlighted showcasing its applicability for studying
electronic coupling between any vapor-deposited material systems where real-time measurements during thin

film growth are possible.

DOL: 10.1103/PhysRevMaterials.5.015601

I. INTRODUCTION

The electronic wave functions of an atom in a solid
depend on the positions of the electrons and the nuclei.
Changes in the energy levels occur due to the overlap of
the ground state electronic wave functions primarily of the
frontier orbitals between neighboring atoms or molecules,
and determines the optoelectronic properties of a solid, e.g.,
leading to the emergence of bands in semiconductors [1,2].
Understanding how the energy levels in an atom evolve from
isolation to a many-atom solid is one of the most important
fundamentals of solid state physics required for explaining
the properties of solids such as metals, semiconductors, and
insulators.

In the case of organic semiconductors, comprised typically
of large molecules, understanding the effects of intermolec-
ular interactions on the electronic wave functions is crucial
for understanding the physics at interfaces since the interfa-
cial phenomena, e.g., transfer of a charge between a donor
and an acceptor in solar cells, are affected by the local en-
vironment [3-8] to which the frontier orbitals react. This is
relevant not just for organic semiconductors but any elec-
tronic material such as conductive oxides, chalcogenides, and
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metals forming the layers of optoelectronic thin film devices
where interfacial processes play a critical role in the de-
vice properties, and especially more in the case of vertical
devices (where charge transport occurs along the thickness
direction in contrast to thin film field-effect transistors).
In situ optical spectroscopic techniques such as in situ dif-
ferential reflectance spectroscopy (DRS) [9,10] and reflection
anisotropy spectroscopy (RAS) [11-13] have been around
for many years and offer a nondestructive way of probing
such intermolecular interactions. in situ DRS has been used
to study electronic coupling and its evolution with thickness,
for example, between flat-lying tin(Il)-phthalocyanine (SnPc)
molecules [10] and between quaterrylene molecules [9] de-
posited under vacuum. These works demonstrate the strength
of in situ optical spectroscopic techniques, but also one of
the current limitations of DRS and RAS. While it is possible
to infer electronic coupling in the perpendicular direction,
for example, between quaterrylene molecules and the un-
derlying gold layer (as a metal substrate) [9], due to the
near-normal incidence of the probe light in DRS (and in RAS),
the data obtained is primarily that of the in-plane component
of the dielectric constants [9], since the orientation of the
electric field of the probe light is nearly all in the plane
of the film. Being able to directly access the out-of-plane
interactions of molecules would complement DRS/RAS and
open up new avenues in probing and characterizing elec-
tronic coupling in interacting systems essential for further
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expanding the understanding of the physics of thin film op-
toelectronic devices. For example, in many organic electronic
devices, key processes happen at planar interfaces parallel
to the substrate, e.g., this is where the generation of free
charge carriers happens in planar heterojunction organic solar
cells.

One experimental technique which can probe this out-of-
plane direction is in sifu spectroscopic ellipsometry (iSE),
also sometimes referred to as “real-time” SE. This is possi-
ble firstly because of the high angle of incidence employed
during measurements (typically 65°). Secondly because of
the use of polarized light, where the amplitude and phase
change of the electric field upon interaction with the thin film
are measured [14,15]. The combination of these parameters
carry more information than just the intensity measured in
typical optical spectroscopic techniques, and which is also the
most significant drawback of x-ray techniques where phase
information is lost. Thus, SE is a thin film characterization
technique typically used to characterize the primary optical
excitations in terms of optical properties: dielectric constants
or refractive indices that represent the quality of the thin
films [14,15]. In the case of organic solar cells, the tech-
nique is typically used to characterize the active layers for
understanding structure-property relationships [16-19], and
for optical simulations to model absorption profiles within a
device [20].

iSE is an advanced application of SE which makes it possi-
ble to study the growth and evolution of the optical properties
of multilayered thin films, e.g., semiconductors deposited by
thermal evaporation under vacuum or other vapor-deposition
methods [21-23]. (i)SE, in general, has an angstrom-level
sensitivity towards changes in thicknesses. The standard SE
analysis procedure, or SSE in short, for obtaining optical
properties from the iSE data relies on fitting a dielectric
function model (using, for example, Gaussian and Lorentzian
functions) to the data, and the typical analysis is initiated
with the assumption that the film has the same properties
along its thickness [14,15]. However, robust and confident
in-depth analysis such as variation of dielectric constants
along the thickness direction is not possible because of lack
of additional data (only one angle of incidence in iSE against
different angles of incidence as is possible in ex sifu SE in-
cluding at normal incidence). Thus, the information obtained
from SSE analysis is determined not only by the dielectric
functions used during the fitting but also the type of model
used to analyze single or multilayered thin films. Moreover,
from model fitting, even if any anomalies are seen in the di-
electric constants especially along the growth direction due to
interactions with other materials at the interfaces, the question
of whether these anomalies are real or artifacts from fitting is
posed. To ascertain the analysis, additional optical informa-
tion such as about the in-plane dielectric constants obtained
from in situ DRS [9,10] is essential.

In this work, we present an experimental methodology
using iSE coupled with a data analysis method for studying
the evolution of the electronic wave functions pertaining to the
optical excitations along the thickness or vertical direction as
a function of thickness or, equivalently, number of molecules
in vacuum-deposited thin films. By an empirical comparison
to the optical properties (n 4 j k), we show that the iSE

data analysis method extracts information representative of
the same for every layer (thickness resolution down to 1 A
possible) deposited. The analysis does not involve any model
fitting and is only based on tracking the differential change
in the iSE data. Any changes in the electronic wave functions
corresponding to the frontier orbitals under excitations due to
overlap with that of the neighboring molecules—both same
and different species—in the growth (thickness) direction is
reflected in the information obtained from the analysis. We
demonstrate the ability of the method by its application to
the study of vacuum-deposited organic semiconductor thin
films using fullerene (C60), boron subphthalocyanine chloride
(SubPc), boron sub-2,3-naphthalocyanine chloride (SubNc)
and N,N,N’,N’-Tetrakis-(4-methoxyphenyl)benzidine (MeO-
TPD) on different underlying layers.

We also evaluate and discuss the implications of these
observations by complementing the analysis with a sys-
tematic approach for obtaining dielectric constants along
the thickness direction using SSE data analysis, i.e., model
fitting. Moreover, we demonstrate the angstrom-level sen-
sitivity, simplicity, and reproducibility of the method.
Significant modulations in the optical response due to
electronic coupling have been observed and the method
reported. Finally, we conclude with the general applica-
bility of this method for studying other systems where
electronic coupling through intermolecular interactions are
crucial.

II. EXPERIMENTAL SECTION

The organic semiconductors SubPc (> 99%, Lumtec),
SubNc (> 99%, Lumtec), C60 (~ 99.999%, CreaPhys),
molybdenum oxide (MoOx) (> 99.998%, Lumtec) and MeO-
TPD (> 99%, Lumtec) were used as purchased. Substrates
silicon wafer (with 23 nm SiO, on top, purchased from
J.A.-Woollam, for calibrating the ellipsometer) and ultra-
smooth quartz substrate (WZWOPTICAG) were cleaned with
soap and deionized water, and then sonicated in acetone
and isopropanol (in this order) at 50 °C for 20 min before
drying with an air gun. Then the substrates were UV-ozone
treated for 10 min and loaded into the vacuum chamber
(CreaPhys) via a nitrogen glovebox. A Woollam RC2 spectro-
scopic ellipsometer was mounted at ~ 65° angle of incidence
onto the vacuum chamber. The thin films were deposited
on the loaded substrates by thermal evaporation of the or-
ganic semiconductors (at rates 0.1-0.5 A/s). The in situ
measurements (210-1690 nm or 0.7-5.9 eV) were carried
out with an acquisition time which ranged from 4-10 s
or measurement of data for every ~ 1-2 A increase in
thickness.

SSE for deriving the refractive indices of each layer
through model fitting to the data (and described in Sec. S2
in the Supplemental Material [24]) was carried out in Com-
pleteEASE software from J.A.Woollam company. ex situ SE
data of some of the thin films after deposition was obtained,
where required, at 55°, 65°, and 75° angles of incidence. The
Y and A time series values measured through CompleteEASE
were exported into text format and analyzed in python using
the equation described in the Results and Discussion section.
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III. RESULTS AND DISCUSSION
A. DART

In standard SE measurements of thin films, the data mea-
sured are the electric field amplitude ratio i and phase
difference A as a function of wavelength (A) or energy (E)
of the probe light defined as the ellipsometric ratio p [14,15]

p = tan Y (E)e /2E), (D

During iSE, p is measured as a function of time ¢ or,
equivalently, thickness d in the case of monitoring the growth
of vacuum-deposited thin films, which in our case are organic
semiconductors. A first derivative of Eq. (1) with respect to
time (or d) yields the following equation:
8p ‘A , &Y SA

— = e [(sec X ——jxtany x —]. (2
5 [(sec )™ x === vx—1 Q)

When the time interval between measurements is constant,
which is typically the case in in situ measurements, Eq. (2)
simplifies to

Spr = e M (sec¥y)? x 8y, — j x tanyy, x 8A1,  (3)
where

real(§p) = cos A, (sec ¥, )28% —sin A, tan Y, 8 A,
(4a)
imaginary(6p) = —[sin A,(sec ¥, )28% + cos A, tan ¥, 8 A, ].
(4b)

The measured iSE data, v and A, can be numerically
differentiated for §y¥ and SA yielding §p at time ¢ or
thickness d.

iSE is a highly sensitive technique, sensitive to changes
in the thickness direction of a surface [14,15] (also referred
to as out-of-plane or z direction). The in-plane/xy direction,
probed in UV-visible absorption measurements, is defined as
the plane of the film (see Fig. S1). During iSE, the probe light
passes through all the layers for every time point for which
p is measured. Since the thin film deposition or the direction
of growth during iSE is along the z direction of the film, §p
then is the rate of change of the optical response p of the
thin film, which is primarily a function of the change in the
optical properties of the thin film in the z direction, namely
out-of-plane refractive indices N, (n, + j k;) or, equivalently,
dielectric constants €, (€1, + j €2.). A basic derivation of §p in
terms of N,, (in-plane refractive indices of the film), N, and
d is given Sec. S1 of the Supplemental Material. However,
for a small, differential change in thickness éd, 6p can also
be interpreted as the optical response of the incoming layer
8d that will be deposited on the substrate with the thin film
at thickness d as exemplified in Figs. 1 and 2. The following
results are based on this method called differential analysis in
real time (DART).

B. C60 and MeO-TPD on SiO,

Figure 1(a) shows the real and imaginary parts as well as
modulus of § p of C60 deposited on an optically smooth quartz
substrate (Si0,); optically smooth implies that for the range
of probe wavelengths (210-1690 nm), the roughness is on a

sub-angstrom level. Thickness d of the film is obtained from
SSE analysis (see Sec. S2). 6p has been calculated for every
1 nm interval, i.e., §d = 1 nm, for all the data presented in this
work. Firstly, to understand the meaning of real and imaginary
values of § p, we compare § p’s value calculated for the first §d
layer deposited on a blank substrate, i.e., at d = 0 nm, to the k
and n values of the C60 film (at 13 nm thickness) in Fig. 1(b)
obtained from SSE analysis using Gaussian functions (com-
monly referred to as oscillators). Such a function/oscillator
can be used to fit to the absorption peaks which represent
the sum of the main electronic transition and vibrionic pro-
gressions. Examining the §p profile of the first nanometer
deposited, it can be seen that the real(§p) and imaginary(ép)
appear to represent k and n values, respectively. The same
observation can be seen for MeO-TPD (deposited on optically
smooth quartz) in Fig. 2. Thus, § p represents the optical prop-
erties of a layer &d, and its corresponding real (negative) and
imaginary parts will be hereinafter referred to as 6 px and 6 p,,
respectively.

SE probes the optical excitations of a system in terms of
extinction coefficient k. Examining §o; in Fig. 1(a) for the
first 1 nm layer, which can be approximated as a monolayer
of C60 molecules that is deposited on a blank substrate (d =
0 nm), we observe that the strongest responses are centered at
3.6, 4.6, and 5.5 eV, which correspond to the allowed, primary
transitions T, < A, with the strongest absorption in
C60 [25-29]; also reflected in the extinction coefficient plot
in Fig. 1(b). This first nanometer data can be assumed as the
average optical response of one C60 molecule deposited onto
the SiO, substrate. As more C60 deposits, we observe that the
optical response is not the same for every additional nanome-
ter being deposited. The magnitude gradually decreases and
the peaks redshift. This can be attributed to the intermolecular
interactions between C60 molecules in the form of electronic
coupling arising from overlap (along the thickness direction)
of the frontier orbitals corresponding to the respective primary
transitions in C60.

A consequence of this coupling is the delocalization of
the corresponding electronic wave functions under excitation
(or excited state wave functions) in C60, - a well-known
phenomenon in C60 [30-33], - and analogous to band forma-
tion in inorganic semiconductors or J-type interaction [34,35]
causing a gradual red-shift (along with polarization ef-
fects [36,37]) of the primary transitions with deposition. If
there were no electronic coupling between the molecules, and
consequently no delocalization, the response §p should be
the same for every deposition resulting in the same p for
every dd. A constant §p implies N, = O (from Eq. S1.8)
which is what is approximately observed for MeO-TPD for
energies corresponding to the w — * transitions at 3.4 eV
in Fig. 2(a). The similar optical response at the m — 7 * tran-
sition energy for all thicknesses in MeO-TPD implies that
the corresponding excited state wave function, unlike in C60,
is highly localized indicating weak electronic coupling with
neighboring molecules at this energy. This is reflected in the
extremely low mobilities of MeO-TPD [38,39]. However, the
overlap of wave functions of the frontier orbitals in MeO-
TPD occurs at higher energies as seen from the changes in
8p with deposition. These energies are higher than the ion-
ization potential of MeO-TPD (~ 5.1 eV [40]), and possibly
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FIG. 1. (a) DART analysis showing the real (negative) and imaginary parts as well as the modulus of §p of C60 deposited on an optically
smooth quartz substrate (SiO;), calculated for a differential change of §d = 1 nm in C60 thickness. (b) Comparison of the isotropic extinction
coefficient k, refractive index n, and the modulus of n 4 j k of the same C60 film derived from SSE analysis at d = 13 nm to the negative real,
imaginary and modulus of § p, respectively, of the first I nm layer deposited on the blank substrate (at “thickness” d = 0 nm), taken from the

DART analysis in (a).

correspond to transitions from energy levels below highest
occupied molecular orbital (HOMO) to lowest unoccupied
molecular orbital (LUMO) and above.

The dynamics of the three electronic transitions of C60
[Fig. 1(a)] seem to be different. Initially, the 4.6 eV transi-
tion has the highest strength. With addition of C60 (the film
grows smoothly, see Sec. S2) the strength gradually decreases
and goes below the 3.6 eV transition as shown in Fig. S2,
i.e., the rate of decrease of §p of the 4.6 eV transition (also
5.5 eV) is higher compared to the 3.6 eV transition at least
for the initial few nanometers; rate of change of §p can itself
be estimated from the second derivative of Eq. (2) but not
shown here because of the noisy output of the calculation.
Additionally, a kink in the 4.6 eV transition appears at d =
5 nm and persists until 13 nm or approximately a layer of

13 C60 molecules thick/high; the origin of this is not clear.
It is possible that some sort of hybridization of the frontier
orbitals corresponding to the 4.6 eV transition has occurred
leading to its manifestation as a kink. Finally, analysis of the
rates of redshift of the transition peaks is shown in Fig. 3. The
4.6 eV transition not only appears to decay faster (along with
a kink) but also redshifts faster (26 meV /nm) compared to the
3.6eV (18 meV/nm) and the 5.5 eV (15 meV /nm) transitions.
The broad, and weak, feature around 2.4 eV (below 3.0 eV),
also redshifting with the addition of C60, is visible from the
deposition of the first nanometer itself, and corresponds to a
forbidden transition that occurs due to mixing of the vibronic
states with the forbidden states [25-29]. Such redshifts of
the transitions with thickness occurring due to coupling is
a common feature in organic semiconductors as shown for
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FIG. 2. (a) DART analysis showing the real (negative) and imaginary parts as well as the modulus of §p of MeO-TPD deposited on an
optically smooth quartz substrate (SiO,) calculated for a differential change of §d = 1 nm. (b) Comparison of the isotropic extinction coefficient
k, refractive index n, and the modulus of n 4 j k of the same MeO-TPD film derived from SSE analysis at the final thickness of 12 nm to the
real(§p), imaginary(80), and modulus(ép) values, respectively, of the first 1 nm layer deposited on the blank substrate (“thickness” d = 0 nm),
taken from the DART analysis in (a). The 7 — 7* transition at 3.4 eV is circled blue in the plot of extinction coefficient k in (b).

other systems such as SnPc [10] and «-quaterthiophene [13].
Finally, in the energy range corresponding to the transparent
region of C60 (from ~ 750 nm or 1.7 eV), any such cou-
pling should be absent, and is reflected in the similar and flat
profile of §p.

Such variation of §p with thickness shows that the opto-
electronic properties of C60 or any such interacting systems
is not uniform along the z direction. Moreover, because the
wave functions of C60 delocalize, the optical response 5o of
a layer 8d deposited at time ¢ cannot be solely assigned to
that layer 6d [30-33]. The C60 molecules at the top and bot-
tom of the film will be experiencing different environments,
and thus coupling, compared to the molecule in the middle.
Hence, the overall §p could be the sum of all the changes

in the underlying bulk layer (of thickness d) along with the
layer 8d deposited at time ¢. This emphasizes that much care
is needed when determining the optical constants along the
thickness direction from SSE analysis thus highlighting its
shortcomings; the values obtained are representative mainly
of the properties along the xy or in-plane direction. Thus,
the DART method can be used to track the optical prop-
erties of vacuum-deposited thin films in real time without
the need for real-time model fitting of the iSE data, which
becomes highly complicated for multlilayered absorbing and
anisotropic materials. However, the drawback is that the infor-
mation obtained will be representative primarily of that of the
optical properties in the out-of-plane direction. And to obtain
the dielectric constants in interacting systems especially in
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FIG. 3. Energy values of the C60 primary transition peaks as
a function of C60 thickness obtained from the DART results in
Figs. 1 and S2.

the out-of-plane direction, as the results show, iSE will be
insufficient and will need to used in conjunction with other
methods such as in situ DRS [9] to decouple in-plane and
out-of-plane optical properties.
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C. SubPc

DART analysis of a SubPc film deposited on a silicon
wafer is shown in Fig. 4(a) (only | §p | is shown from here
on as it represents n and k together). From the evolution of the
data with thickness, we see that a strong electronic coupling
between subsequent SubPc layers occurs at energies above
3 eV, i.e., between frontier orbitals lying much higher than
for the 2.1 eV w — z* transition [41,42]. Figure 4(a).2 is a
magnified view of the data in Fig. 4(a).1 showing the evolution
of the optical response of the m — 7 * transition (the trough
in | §p |) at 2.1 eV in SubPc. From the DART analyses of
MeO-TPD and C60, a constant §p with thickness implies
negligible or weak delocalization. Thus, the electronic cou-
pling between frontier orbitals corresponding to the 7 — 7 *
transition in SubPc appears to occur only until the third or the
fourth nanometer after which | §p | at 2.1 eV remains constant
indicating that the extent of delocalization of this excited
state wave function is small, i.e., up to a maximum of 4 nm
compared to at least 26 nm in C60 (Fig. 1). Corresponding
SSE analysis of the completed SubPc thin film (16 nm) for the
average in-plane and out-of-plane optical constants is shown
in Figs. S3(e) and 3(f). As seen from this figure, an anisotropic
model best describes the growth of SubPc (the mean squared
error of the fit decreases from 5.4 for an isotropic to 2.1 for an
anisotropic model), and a weak transition (O1) at ~2 eV can
also be seen.
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FIG. 4. (a).1 DART analysis of a SubPc film deposited on a Si/SiO, substrate. (a).2 Magnified view of the same DART results in (a).1
showing the optical response corresponding to the & — 7 * transition [41,42] in SubPc for clear visualization. (b).1 DART analysis of C60
deposited onto the SubPc film in (a). (b).2 Magnified view of the data of (b).1 around 2.1 eV for clear visualization. The optical response
corresponding to the excitations into SubPc excitonic states is indicated by the label O1, which corresponds to the transition in Fig. S3(f). All

calculations were carried out for a differential change of §d = 1 nm.
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FIG. 5. The out-of-plane dielectric constants, €., of (a) 12 nm C60 layer on top of SubPc and (b) directly underlying (buried) 1 nm SubPc
interface layer (ILgyppe) showing the O1 transition at ~ 2 eV. The layers correspond to that of Fig. 4. The inset in (b) shows the schematic of
the method used to derive the out-of-plane dielectric constants (€,) of the interface layer of SubPc from standard spectroscopic ellipsometry
data analysis method (SSE). The buried layer (SubPc here as an example) below C60 is divided into an interface layer with C60 of thickness
dy;, and a bottom layer dp; . €,y is the in-plane dielectric constant of a layer.

D. C60 on phthalocyanines

Intermolecular interactions in the form of electronic cou-
pling between C60 and phthalocyanines were next explored
starting with SubPc as the bottom layer. C60 was evaporated
onto the completed SubPc film (16 nm) of Fig. 4(a) and iSE
measurements were carried out during the deposition. The
DART analysis is shown in Fig. 4(b). Comparing to the growth
of C60 on an insulating SiO; substrate (Fig. 1), the data shows
strong, anomalous responses centered at 3.6 and 4.8 eV (with
a shoulder at 4.6 eV). Moreover, with increasing deposition
of C60, the response differs from that of C60 on SiO,. The
strength of the 3.6 eV transition increases with deposition of
C60 until 6 nm, and remains strong, redshifting and nonzero
until the final thickness of 13 nm, while that of the 4.8 eV
decreases as in the case of C60 on SiO;. Since §p represents
the optical response of the layer §d that is deposited on the
substrate with thin film at thickness d, this implies that at C60
thickness d = 0 nm on top of SubPc, the first incoming C60
molecule interacts (or electronically couples) strongly with
SubPc at the 3.6 eV energy corresponding to the primary al-
lowed electronic transition in C60. And as more C60 deposits,
a strong overlap and delocalization of the excited state wave
functions between the incoming C60 and C60 deposited on
SubPc is occurring for the frontier orbital corresponding to
the 3.6 eV transition. The redshift of 3.6 eV is more prominent
compared to C60 on SiO,. DART analysis of the same data but
calculated for a film thickness change of §d = 1 A is shown
in Fig. S4 highlighting the angstrom-level sensitivity of the
method.

Additionally, during deposition of C60 on SubPc, a | 5p |
response can also be seen as a feature near 2.04-2.05 eV
shown in the magnified view in Fig. 4(b).2, which is not
present in the C60 growth on SiO; in Fig. 1 (and Fig. S2).
Thus, it appears that the origin of this feature is in the under-

lying SubPc layer. Comparison with the 2.1 eV transition in
Fig. 4(a).2 shows that this feature is redshifted from 2.1 eV
by about ~ 60 meV, and appears to correspond to the Ol
transition in Fig. S3(f). The presence of this feature was also
investigated by carrying out the DART analysis, calculated
for 6¢ = 1 min, of the iSE data measured during the down-
time between the end of SubPc deposition and start of the
C60 deposition. The §p values of the analysis are shown in
Fig. S5, and are essentially zero indicating that there was
no other deposition on the SubPc film during this downtime.
The weak, noisy features concentrated around 3.6 and 5 eV
similar to the energies corresponding to the strong features of
SubPc in Fig. 4(a).1 suggests a possible mild rearrangement of
SubPc molecules (probably on the surface). This observation
also suggests that the DART analysis can be used to directly
characterize the stability of a film.

To gain an in-depth understanding of the significance of
these anomalous optical responses, systematic analysis of the
iSE data was carried out for obtaining the €, dielectric con-
stants of C60 and the buried SubPc layers using the SSE
method. For this, the buried SubPc layer was divided into
an interface SubPc layer (ILsypc) and a bottom SubPc layer
(BLsubpc) as shown in the inset in Fig. 5(b) (and Fig. S6).
Subsequently, the iSE data at 12 nm C60 thickness was fit
for the out-of-plane dielectric constants €, ( /€1, + jey, =
n; + jk, of refractive index N;) of the 12 nm C60 and the
ILgsybpe layer at thickness dpsuppe = 1 nm shown in Fig. 5
(a) and (b) respectively; dprsuppe Was fixed at 15 nm with
its €, set to the values before C60 deposition [Figs. S3(e)
and S3(f)]. €, of the layers are fixed since the in-plane en-
vironment can be reasonably approximated as unvarying with
thickness, i.e., de,,/6d = 0 (see Sec. S2 for more details on
the strategy). In contrast to the values of C60 on SiO, (Fig. 1)
and SubPc on SiO, (Fig. S3), the €;, of both C60 and ILgyppc
here show significant increase at similar energies found in the
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DART analysis, i.e., around 3 and 2 eV, respectively. More
importantly, the corresponding real part €;, becomes negative
at these values. This holds significant implications. In metal
thin films such as Au, Ag, and Al, and in conductive oxides
such as indium tin oxide, the wavelengths where free electrons
absorb are characterized by negative values of ¢; with high
€, values due to absorption [14,43,44]. The corresponding
frequency of light where €, equals to zero before taking on
negative values is called plasma frequency. Hence, observa-
tion of such negative values of €;;, and a concominant rise in
€;, in both C60 and SubPc indicates that strong electronic cou-
pling is occurring between the frontier orbitals corresponding
to these specific energies, ~3 eV in C60 and ~2 eV in SubPc,
and is leading to resonance electronic transitions in the form
of plasmons (or unbound quasiparticles) oscillating between
the molecules, and thus the delocalization of the excited state
wave functions across the interface. A point to note is that
the frontier orbitals corresponding to these excitations are at
different energy levels relative to the vacuum level [40,45,46].
The ILguppc thickness at resonance will be referred to as
diss pe from here on.

The parameters of the Gaussian oscillators (GO, given by
amplitude: Amp, center energy: En, broadening: Br) repre-
senting the two resonance transitions that were fit to the iSE
data had good fit statistics, i.e., C60 GO — Amp: 8.396 &
0.693, Br: 0.076 £ 0.006, En: 2.997 4 0.003; ILgypp. GO —
Amp: 7.588 £ 1.361, Br: 0.112 £ 0.032, En: 1.886 &+ 0.024,
with a low mean squared error (MSE ~ 4.0) showing high
confidence in the derived €, values. The value of diS,p.
(1 nm) obtained from SSE analysis, i.e., the depth in the SubPc
film until which the resonating wave functions delocalize, is
lower than the 4 nm delocalization distance in SubPc obtained
from the DART analysis in Fig. 4(a).2. This is probably be-
cause of limitations of the SSE method requiring model fitting
of a buried layer, and also lack of additional optical informa-
tion to decouple the optical properties of the top C60 and the
buried SubPc layers further highlighting the significance of
the DART analysis method. However, dlliessubpc can be taken as
a lower estimate. Variation of €, of ILgypp. layer for different
diLsubpe Values (1-16 nm) is shown in Fig. S7, and similarly,
variation of ¢, of the top C60 layer for its different thicknesses
(9—13 nm) is shown in Fig. S8, Table S1 for fit statistics of the
parameters and Sec. S2 for more details.

In SubPc, this resonance absorption corresponds not to
an increase in the m — 7* transition but an increase in its
adjacent Ol transition, which was originally observed in the
€, of the bulk film before C60 deposition [see Fig. S3(f)].
The Ol transition of SubPc at which the strong, plasmonic
type coupling occurs with C60 corresponds to excitations
into excitonic states. Its energy is below the m — 7 * tran-
sition in SubPc and in accordance with the energies of the
SubPc excitons observed from fluorescence emission mea-
surements [41,47,48]. The observed 60 meV Stokes shift
in our case, which is about 17 nm shift at 2.1 eV, is in
agreement with the 8—30 nm (depending on the environment)
observed in boron-subpthalocyanines [22,41,49-52]. Since
the excitons arise from the & — 7 * transitions—also reflected
in the decrease in €, of the 7 — w* transitions at 2.1 eV
and a concomitant increase in the Ol transition at resonance
thickness di%,p. in Fig. S7—the electronic coupling, and

its evolution, of C60 with the electronic wave function cor-
responding to the exciton suggests reorganization of SubPc
molecules at the interface with C60. These observations are
further corroborated by the DART results of C60 deposited
on MoOx/SubPc (SubPcyj,0x) and MoOx /hexapropyltruxene
(PrT)/SubPc (SubPcp,r) shown in Figs. S9 and S10 (SSE
analysis for €, are shown in Figs. S7 and S8). Figures S9(b)
and S10(b) show the O1 transition at 2.04 eV and electronic
coupling of C60 with SubPc similar to Fig. 4 further highlight-
ing the robustness and strength of the DART analysis method.
A major difference in the optical response of SubPc deposited
on MoOx and PrT with that on SiO, can also be noticed at
energies above 3 eV. We conjecture that this could be due to a
possible electronic coupling between SubPc and the underly-
ing electronic materials: MoOx and PrT, respectively.

In our previous work [22] we showed the use of PrT as
an interface layer between MoOx and SubPc helping reduce
exciton quenching leading to an increase in the short-circuit
current density (Js¢). Such interlayers are regularly used to
improve the performance of organic solar cells [53,54]. SSE
analysis in that work also showed the O1 transition in €,
of both SubPcy00x and SubPcp,r with that of the latter hav-
ing the highest strength directly corroborating the increased
number of excitons in SubPc due to PrT. This increase is
also reflected in the increase in | §p | value at 3.6 eV upon
deposition of C60 on SubPcp,r [Figs. S9(b).1 and S10(b).1].
With a higher number of excitons available in SubPcp,r,
higher number of resonance oscillations of the corresponding
excited state wave functions are occurring with C60 leading
to an increased | §p | value. This correlation of an increased
number of excitons leading to an increase in the resonance
| §p | value is, to an extent, analogous to the observed in-
crease in the absorption at the m — 7w * interchain transition
from regiorandom P3HT to regioregular P3HT [55,56]. The
redshifts of the | §p | peak energies of C60 as a function
of C60 thickness are shown in Fig. S11. The rates of shift
are about the same while the peak values for C60/SubPcp,r,
C60/SubPcye0x, C60/SubPcsio, (of Fig. 4) differ by about
0.1 eV. However, compared to that of C60 on SiO, (~18
meV /nm), the rate of shift is about a factor of 2 higher:
~40 meV /nm.

Finally, to ascertain that this type of electronic coupling
phenomenon was not specific to SubPc and C60, experiments
and data analyses were carried out for SubNc/C60 bilayer.
Results similar to SubPc/C60 were observed, and shown in
Figs. 6 (DART), S7 (SSE: €, of ILgypne layer vs disubne)s S8
(SSE: €, vs C60 thickness), S11 (peak shifts), and Table S1
(fit statistics of the Ol transition). Figure 6(a) shows, as for
SubPc, firstly, strong electronic coupling, and delocalization,
occurring between frontier orbitals of SubNc (deposited on
silicon wafer with 4 nm MoOx) at energies above 3 eV. For
the wave function corresponding to the w — s * transition,
the delocalization distance is about 2—-3 nm after which | §p |
remains approximately constant. Figure 6(b) shows the same
type of coupling as for SubPc/C60 between the wave function
corresponding to SubNc exciton (O1) and that of the 3.6 eV
primary transition in C60, along with delocalization, further
corroborating the results.

The plasmonic type absorption (€;,) at very specific ener-
gies occurring upon deposition of C60 on the phthalocyanines
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FIG. 6. (a).1 DART analysis of a SubNc film deposited on Si/SiO,/MoOx substrate. (a).2 Magnified view of the same DART results
showing the optical response corresponding to the 7 — 7 * transition in SubNc for clear visualization. (b).1 DART analysis of C60 deposited
on the SubNc film in (a). (b).2 Magnified view of the same DART results in (b).1 around 1.8 eV. The optical response corresponding to the
excitations into SubNc excitonic states is indicated by the label O1. All calculations were carried out for a differential change of §d = 1 nm.

implies resonance oscillations of the excited state wave
functions between the two materials across the interface. The
question of specificity in energies of the frontier orbitals at
which electronic coupling is occurring can be partly inves-
tigated by examining the transitions in pure C60. The lower
energy HOMO — LUMO transitions are forbidden in C60
since the states are of the same parity. The primary elec-
tronic transitions are '77, < 'A, (or HOMO — LUMO +
1) and approximately centered around 3.6, 4.6, and 5.5 eV
[25,27-29,57-59], and are also the wave functions that
spatially delocalize between C60 molecules as seen in
Figs. 1, 4, 6, S9, and S10. From our observations, it ap-
pears that the physics dictating the transitions within C60,
i.e., Fermi’s golden rule [36,37,60], also seems to dictate
the transitions from other molecules, arising from resonance
oscillations, into C60. More specifically, the question of why
electronic coupling is occurring at 3.6 eV and not the other
primary transitions is difficult to answer at this point. We can
only conjecture that the frontier orbitals corresponding to the
3.6 eV primary transition is closest in energy, relative to the
vacuum level, to that of the 7 — 7 * transition in the phthalo-
cyanines. This coupling might have consequences for exciton
dissociation from phthalocyanine to C60 and vice versa. In
light of these intriguing observations, understanding their im-
plications in the perspective of quantum mechanics and solar
cell device physics is of pivotal importance, and will be ex-
plored in our next work with further donors and acceptors

including nonfullerene acceptors, and at different substrate
temperatures to explore the effects of molecular orientation
on electronic coupling. The method will also be applied to
test for Fermi-level pinning arising due to electronic coupling
between organic semiconductors and metal electrodes.

IV. CONCLUSIONS

We have shown a method, called DART, for analyzing
in situ spectroscopic ellipsometry data yielding direct in-
formation representative of the optical properties (dielectric
constants) primarily along the growth direction of vacuum-
deposited thin films in real time without the need for model
fitting. Application of this analysis method to the study of
pristine organic semiconductor thin films, C60 and MeO-TPD
on SiO,, showed electronic coupling and delocalization of
the excited state wave functions corresponding to the fron-
tier orbitals. Extending the same to the growth of C60 on
phthalocyanines (SubPc and SubNc), strong, anomalous op-
tical features were observed in C60 at energies corresponding
to its primary allowed transition at 3.6 eV, which increased
and then decreased in strength while redshifting with C60
deposition. Accompanying features were observed in the un-
derlying phthalocyanine layers at energies corresponding to
their excitons. Dielectric constants along the growth or thick-
ness direction of the bilayer films derived from systematic
analysis using standard ellipsometry data analysis method
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(model fitting) revealed such features to be plasmonic type
oscillations of the excited state wave functions corresponding
to phthalocyanine excitons and the 3.6 eV primary transition
of C60, the strength of which changed with the number of
excitons. Spatial delocalization (along the thickness direction)
of the wave functions in C60 and phthalocyanines was also
observed.

These results using DART have revealed singular insights
into the physics of fullerene C60 and phthalocyanines in the
thickness direction, and thus understanding the implications
on organic optoelectronics device physics such as organic
solar cells will be crucial. In the case of deposition techniques
where in situ growth measurements are not possible such
as solution-processing methods, the DART method can still
be used to study post-treatment effects, e.g., DART analy-
sis could give insights into effects of structural changes on
the optical properties, for example, from thermal treatment,
and consequently structure-property relationships and stabil-
ity can be examined. And finally, strength of the presented
analysis method as displayed in its simplicity, angstrom-level
sensitivity, robustness, and reproducibility, could be highly
useful in conjunction with other in situ optical spectroscopy
methods [9,12] in examining thin film systems comprising
of semiconductors, quantum materials or any other materials
where interfacial electronic coupling is highly crucial in de-
termining the device properties.

The research materials (iSE data) supporting this publi-
cation can be publicly accessed on the Oxford University
Research Archive via the following digital object identifier:
[61] The research materials are available under a CC BY
license.
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