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ABSTRACT: Organic semiconductors (OSCs) are attractive
optoelectronic materials due to their high extinction coeflicients,
processing advantages, and ability to display unique phenomena
such as singlet exciton fission. However, employing OSCs as
active electronic components remains challenging, as this
necessitates forming junctions between OSCs and other
materials. Such junctions can distort the OSC’s electronic
properties, complicating the transfer of energy and charge across
them. To investigate these junctions, our group has employed an
interface-selective technique, electronic sum frequency gener-
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ation spectroscopy (ESFG), yet one complication in applying ESFG to thin OSC films is they necessarily have two interfaces that
can each produce signals. In a conventional ESFG measurement, information regarding the phase of the ESFG signal is lost.
However, this information can be recovered with heterodyne detection (HD) techniques. Here, we present experiments and
model calculations that illustrate some key advantages oftered by HD-ESFG over conventional ESFG measurements for the study
of OSC films. Specifically, we report HD-ESFG spectra of N,N’-dimethyl-3,4,9,10-perylenedicarboximide (C1-PDI) thin films
that have been grown on SiO,. To implement these measurements, we have constructed an HD-ESFG spectrometer that uses
common path optics to maintain a high degree of phase stability over multiple hours. We find that not only does HD-ESFG offer
increased sensitivity to weak features in ESFG spectra, but the phase information included in these measurements aids in
selectively isolating signals that arise from a specific film interface. Interestingly, we find that resonances in HD-ESFG spectra of
C1-PDI are significantly shifted from those in linear absorption spectra of bulk C1-PDI films, suggesting that the intermolecular

packing of molecules at film interfaces differs from the bulk.

1. INTRODUCTION

Over the past decade, there has been growing interest in the use
of small-molecule organic semiconductors (OSCs) to increase
the efficiency of existing photovoltaic technologies. One
advantage OSCs provide over conventional semiconductors is
the ability to undergo a process called singlet fission (SF), a
high-energy photon downconversion process that has been
demonstrated to occur with robust, high efficiency in a number
of OSCs.'™"* SF is a process through which a photoexcited
spin-singlet state of a molecule or molecular crystal relaxes into
two separate spin-triplet excited states. This process can occur
quickly and with high efficiency provided the singlet state has
roughly twice the energy of the triplet state of the system,
owing to total spin conservation. By combining a material
capable of SF with existing solar technologies, it may be
possible to improve their power conversion efficiency. When an
inorganic semiconductor (ISC) absorbs a photon with a
frequency greater than the transition of its intrinsic band gap,
the excess energy is thermalized into the crystal lattice as the
carriers relax to the band edge. This process accounts for a
significant amount of the energy loss in solar cells and is a
major contributing factor to the Shockley—Queisser limit for a
singlejunction solar cell.'* By incorporation of a SF-capable
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OSC on top of a traditional ISC solar cell, high-energy photons
can be converted to pairs of lower-energy triplet excitons that
are close in energy to the band gap of the ISC, reducing
thermalization losses. The resulting triplet excitons can then be
transferred across the OSC/ISC interface for charge separation
and current generation in the ISC, providing two pairs of
charge carriers for each high-energy photon absorbed in the
0SC layer.">~"

While this would be an effective method to improve device
performance, the mechanism of energy transfer from the OSC
to the ISC remains an active topic of research. Although
efficient bidirectional triplet transfer has been observed
between semiconductor quantum dots and SF-capable
molecules, such as anthracene, tetracene, and pentacene,lg_21
triplet energy transfer between tetracene and bulk silicon is
inefficient despite energetic matching of tetracene’s triplet
energy to silicon’s band gap.””*’ The details regarding why
triplet transfer is inhibited in the latter are poorly understood
and may reflect band narrowing at the tetracene/silicon
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interface™ or poor spatial overlap of tetracene’s z-system and
the silicon surface,” among other effects.

To construct a detailed understanding of energy transfer
between OSC thin films and bulk ISCs, there is a need to
characterize the electronic density of states (DoS) of the
junction formed between them. This DoS is expected to be
sensitive to the manner in which OSC molecules pack at the
buried surface,”*"*" as this can alter the extent of dipolar and
charge-transfer coupling between nearby OSC molecules,”* ™
as well as their degree of orbital overlap with the underlying
ISC surface. As such, a technique that can measure the
arrangement of molecules at a buried OSC/ISC junction as
well as their electronic structure can substantially aid in building
a physical picture for how energy and charge move across these
junctions. Toward this end, our research group has worked to
develop electronic sum frequency generation (ESFG) spec-
troscopy as a method to examine the energetic landscape of
inaccessible interfaces in semiconductor devices.*

ESFG is an optical probe technique analogous to surface
specific linear absorption, making it ideal to study the buried
DoS in organic thin films. In an ESFG measurement, two pulses
of light interrogate a sample: a white light supercontinuum
(WL) and a spectrally narrow upconversion pulse.””*> When
these two pulses are overlapped in time and space within a
sample, each spectral component of the WL can coherently mix
with the upconversion pulse, generating an ESFG field at their
sum frequency that can be spectrally dispersed and collected by
use of a charge-coupled device (CCD). Electronic resonance
between molecules within a sample and frequency components
of the WL can strongly enhance this mixing. As the frequency
of the upconversion field is known, each spectral component of
the ESFG field can be mapped onto the frequency component
of the WL field that led to its generation, thereby making an
ESFG spectrum analogous to a sample’s linear absorption
spectrum. Importantly, however, due to cancelation between
back-propagating and forward-propagating fields, under the
electric dipole approximation, ESFG is incapable of being
generated by materials that possess inversion symmetry.’® As
buried interfaces naturally lack such symmetry, ESFG can
selectively probe the electronic DoS of molecules at these
critical junctions.”””® By measuring how the polarization of the
ESFG field depends on that of the WL and upconversion fields,
information regarding the orientation of molecules at a buried
surface can be obtained.***>*® In addition, as ESFG measure-
ments commonly employ fields with femtosecond pulse
durations, they can readily serve as a kinetic probe of excited
electronic dynamics at an OSC interface.””*"**

However, while ESFG is a useful probe of interfacial
electronic structure and morphology, measuring and interpret-
ing ESFG signals from OSC thin films presents a few specific
challenges. First, as ESFG is produced by only a small number
of monolayers near an interface, the signals generated in this
technique are inherently weak, leading to the need for long
collection times to achieve a reliable signal-to-noise ratio.
Second, though ESFG signals are intrinsically interface-specific,
each interface within a sample can produce its own ESFG
signal. This can complicate the interpretation of ESFG signals
from OSC thin films as they have at least two active interfaces:
a buried interface, where charge and energy transfer take place,
and an outer air-exposed interface. Signals emitted by these two
interfaces can interfere with each other, making the extraction
of information exclusive to the buried interface difficult.*>**~*
Moreover, even if separating the contributions from the outer

and buried interfaces is possible, the experiment may be more
sensitive to the outer interface, as the WL field can be strongly
attenuated as it passes through an optically thick sample to a
buried interface. Finally, the signal measured in an ESFG
experiment as described above contains no information related
to the sign of the induced polarization between an OSC and its
underlying substrate. This reflects that a measurement of the

ESFQG field emitted by a sample, fsamp, by a CCD measures the
field’s intensity rather than its amplitude and phase:
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In eq 1, the intensity of the measured ESFG signal is
proportional to the square of ¥?), the second-order nonlinear
susceptibility of an interface whose sign reports on the direction
of the induced polarization between an OSC and its
substrate.””~* When only the intensity of an emitted ESFG
field is measured, information regarding the sign of the induced
polarization giving rise to the ESFG field is lost. However,
knowledge of such information is critical, as it can describe the
extent to which OSC molecules polarize in response to being
placed into contact with a high-dielectric ISC, which can lead to
band bending of both materials at their junction.””*’ We refer
to ESFG signals measured in this manner as direct ESFG.

To overcome the shortcomings of direct ESFG, our group
has implemented a heterodyne detection (HD) scheme for
recording ESFG spectra. In contrast to a direct ESFG
measurement, where the WL and upconversion beams simply
generate an ESFG field from a sample, in an HD-ESFG
experiment these beams are also used to create a reference field,
referred to as a local oscillator (LO), by focusing them onto a
noncentrosymmetric material that produces a strong, non-
resonant ESFG signal. The signal field produced by a sample is

then spatially overlapped with that of the LO, fLO) and
spectrally detected.”’~*"*'~° Interference between the strong
LO field and weaker signal field gives rise to a cross term that
oscillates at the phase difference between these two fields:*®
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Fourier filtering of the data can selectively isolate this cross
term. If the LO phase and amplitude are known, the phase and
amplitude of the ESFG signal can be directly determined from
the cross term. Importantly, as we demonstrate below, the
retrieval of the ESFG signal phase from a thin OSC film
provides an additional constraint that aids in separating signal
contributions that arise from the film’s outer and buried
interfaces. Moreover, as the cross term scales linearly in both
the ESFG signal field and the LO field, the LO can amplify
weak ESFG fields, reducing the data collection times needed to
boost these signals above the shot noise limit.

Here, we employ HD-ESFG to study the buried interfacial
structure of thin films of N,N’-dimethyl-3,4,9,10-perylenedi-
carboximide (C1-PDI) that have been vapor-deposited on
fused quartz. C1-PDI is a member of the larger family of
perylenediimide molecules that have been examined as
promising candidates for the development of SF sensitizers
for photovoltaic cells and other light-harvesting schemes.*”*"**
Below, we describe a simplistic scheme for constructing an HD-
ESFG spectrometer that makes use of common path optics to
minimize phase jitter between the sample and LO fields during
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measurements. This spectrometer shows minimal drift over
multiple hours, and the scheme for its implementation should
be readily amenable to integration with existing ESFG
spectrometers. We also show that HD-ESFG aids in the
detection of weak ESFG features and that the inclusion of
spectral phase in an optical interference model allows for a
more accurate reconstruction of the ¥® of a buried OSC
interface. Interestingly, we find that HD-ESFG spectra
measured for C1-PDI thin films are significantly red-shifted
relative to bulk absorption spectra, suggesting that C1-PDI
molecules adopt a packing structure at the SiO, interface that is
modified relative to the crystalline arrangements they adopt in
the bulk regions of these films. This result highlights the
sensitivity of HD-ESFG to the electronic DoS of buried OSC
interfaces and suggests its future utility in studying the
extraction of triplet excitons from SF-capable OSCs.

2. EXPERIMENTAL METHODS AND SAMPLE
PREPARATION

2.1. Preparation and Characterization of C1-PDI Films.
C1-PDI was purchased from Sigma—Aldrich (98% purity) and
used as received. Uniform thickness C1-PDI films were vapor-
deposited onto fused quartz (SiO,) plates (GM Associates,
!/16-in. thickness) by use of an ultra-high-vacaum (UHV)
thermal deposition chamber (AMOD PVD system, Angstrom
Engineering) with a base pressure of ~5 X 1077 Torr and a
deposition rate of 1 A/s. Substrates were sonicated in
chloroform, toluene, and 2-propanol, in that order, and then
rinsed with methanol and dried under N, prior to thermal
deposition. Variable-angle spectral ellipsometry (M-2000, J. A.
Woollam) was used to determine the thickness of vapor-
deposited films as well as their optical constants. Samples for
these measurements consisted of films that were grown on top
of n-type Si(100) substrates with a native oxide layer. These
films were produced concomitantly with films deposited on
SiO, for ESFG measurements to ensure thickness uniformity
for both samples. Si substrates were cleaned by a procedure
identical to that for SiO, plates prior to film deposition. All
ESFQG results presented in this paper were measured for a C1-
PDI film found to have a thickness of 52 nm via ellipsometry.
Transmission and reflection spectra of sample films were
recorded on a UV—vis spectrometer with an integrating sphere
attachment (Shimadzu UV-2600). Absorption spectra that
appear in Figures 4 and 7 have been corrected to account for
reflection and scattering losses.

2.2, Heterodyne-Detected Electronic Sum Frequency
Generation Spectroscopic Measurements. Our experi-
mental setup for HD-ESFG measurements (Figure 1) was built
as an addition to our spectrometer for direct ESFG spectra,
described in detail elsewhere.” Briefly, a femtosecond Ti—
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Figure 1. Experimental layout for HD-ESFG measurements. The LO
field is produced by focusing the WL and upconversion fields into a z-
cut quartz piece ahead of a sample.

sapphire regenerative amplifier (Coherent Legend Duo Elite, 3
kHz, 4.5 mJ) was used to generate a 90 fs pulse centered at 804
nm with a bandwidth of 160 cm™ (full width at half-maximum,
fwhm). A small portion of the amplifier output (0.1 mJ]) was
focused into a water flow cell to generate a white light
supercontinuum (WL). The WL was collimated and passed
through a pair of spectral filters to reduce its bandwidth to a
spectral range extending from 450 to 800 nm. A second portion
of the amplifier was used as the narrow-band upconversion
pulse. Typical pulse energies for the filtered WL and
upconversion pulses were 2 uJ and 1 pJ, respectively. We
chose these powers as we found that the ESFG signal from a
C1-PDI film displayed no significant changes over the course of
30 min when irradiated at this power level (Supporting
Information, Figure SS), suggesting that the beams inflict no
photodamage to the film.

Prior to the sample, the upconversion and WL beams were
focused by use of a 15 cm focal length concave mirror in a
noncollinear geometry into a piece of z-cut quartz with a
thickness of 20 ym (Newlight Photonics). As z-cut quartz is a
noncentrosymmetric material, it generates a nonresonant, bulk-
allowed ESFG signal that serves as the LO field for HD-ESFG
measurements. Following the quartz piece, the transmitted LO,
WL, and upconversion fields were collimated with a 90° off-axis
parabolic mirror (AS0331AL, Newport). Following beam
collimation, there was enough spatial separation between the
three beams to introduce a silica microscope coverslip with a
thickness of 145 um (Fischerbrand) into the path of the LO
exclusively. This coverslip acts as a delay plate that slows the
time of arrival of the LO at the sample relative to the WL and
upconversion fields. Following the delay plate, all three fields
are focused by use of a second 90° off-axis parabolic mirror
onto a sample film oriented at 45° with respect to the plane of
the incident beams. Here, the WL and upconversion fields drive
the generation of an ESFG signal field from the sample that,
due to phase-matching considerations, is emitted in a direction
collinear with the LO. Following the sample, a third 90° off-axis
parabolic mirror collimates both the LO and signal fields
reflected or transmitted by the sample. These fields are then
passed through an iris to remove the upconversion and WL
fields, followed by a spectral filter (UG11, Schott) to remove
any scattered upconversion or WL photons that travel
collinearly with the two ESFG fields. Prior to being focused
onto the entrance slit of a spectrometer (Acton Spectra Pro
SP2500), the ESFG signal and LO fields were passed through a
polarizer, to select either their P or S components, and a
waveplate that rotates the polarization of these fields back to S-
polarization due to the increased sensitivity of our spectrometer
to S-polarized light. The spectrometer used a 600 groove/mm
grating blazed at 300 nm (Richardson Gratings) to spectrally
disperse the signal onto a liquid nitrogen-cooled CCD camera
(PyLoN 2KBUYV, Princeton Instruments).

Each HD-ESFG spectrum reported here was collected for
PPP polarization, where PPP refers to, in order, the polarization
of the ESFG signal, upconversion, and WL fields. To collect
direct ESFG spectra for comparison to HD-ESFG data, the LO
was removed ahead of the sample by placing a small beam
block following the delay plate. Analogously, the spectrum of
the LO was recorded by using an iris to block the WL and
upconversion fields before they reached the sample. A
background was collected for each scan by delaying the
upconversion field by 100 ps with respect to the WL field and
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collecting a spectrum for the same integration time used to
measure ESFG spectra.

As the WL field passes through a significant amount of
dispersive material following its generation, it is chirped in time
with approximately a 1.4 ps separation between its reddest and
bluest frequency components. This time separation is roughly
an order of magnitude longer than the pulse width of the
upconversion field, ~100 fs. As ESFG is generated only when
the upconversion and WL beams interact with a sample at the
same time, to ensure the upconversion field has the opportunity
to mix with each frequency component of the WL pulse, ESFG
spectra were collected by scanning the time delay between the
WL and upconversion fields by use of a computer-controlled
delay stage (Newport XMS50). Unless otherwise noted, each
ESFG spectrum in this report represents the sum of a set of
measurements wherein the time delay between the WL and
upconversion fields was scanned over a range of 1.5 ps in 100 fs
steps.

Figure 2A displays the HD-ESFG spectrum of a GaAs(110)
wafer recorded by the methodology outlined above. Similar to
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Figure 2. (A) HD-ESFG signal recorded for a GaAs(110) wafer. (B)
HD-ESFG spectra of a z-cut quartz plate placed in the sample position,
measured every 30 s for S h. Spectral fringes show minimal evidence of
motion, highlighting the phase stability of our experimental layout.

z-cut quartz, GaAs is a noncentrosymmetric material and hence
generates an intense reflected ESFG signal whose sfectral line
shape largely follows that of the WL pulse.””* Due to
interference between the ESFG fields emitted by the quartz and
GaAs pieces, spectral fringes can be observed in the collected
HD-ESFG spectrum. The spacing between these fringes reflects
the phase difference between the LO and GaAs signal fields,
which can be adjusted by controlling the time separation
between these fields via the thickness and tilt of the delay plate.
As the amplitude of the GaAs ESFG field is comparable to that
of the quartz-generated LO, the oscillations that result from the
interference between these fields approach the theoretical limit
of 50% for two equal-amplitude fields.

One concern in the construction of a spectrometer for
optical heterodyne measurements is minimizing path-length

fluctuations between the LO and signal fields that can
randomize the phase of the heterodyne signal produced by
their interference. Such fluctuations are of particular concern
when detecting interferograms in the ultraviolet spectral range,
as a path-length shift on the order of half the wavelength of the
signal field will cause the sign of the detected interferogram to
flip. Thus, for the signals reported here, path-length fluctuations
of ~170 nm between the signal and LO during data collection
will cause the HD-ESFG signal produced by their interference
to average to zero.

To ensure that the distance separating the LO and ESFG
signal fields generated by our HD-ESFG setup remain fixed
throughout an experiment, we have used common path optics
to propagate the LO, WL, upconversion, and signal fields
following optics used to filter the WL (Figure 1). Thus, any
fluctuations in the optical path of our spectrometer will be
transferred to each of these beams, holding fixed the relative
phase of the signal and LO. As an illustration of this point, in
Figure 2B we plot HD-ESFG spectra of a z-cut quartz piece
placed at the sample position that were taken every 30 s over
the course of 5 h. Over this time span, we see that interference
fringes produced between the LO and ESFG signal fields
display almost no discernible drift. Comparing the first
recorded spectrum to that measured after S h indicates a
change in phase of 0.43 radians, which corresponds to a path
length change of only ~24 nm (~A/15) in the relative path
traveled by the LO and ESFG fields over this time. Such long-
term phase stability is required for measurements that aim to
detect changes in the ESFG signal intensity of a sample in
response to an external stimulus, such as a time-delayed
excitation pulse in transient ESFG measurements,*"*¥%37%

3. RESULTS AND DISCUSSION

Phase-sensitive detection of ESFG fields produced by use of
WL continua was previously implemented by Yamaguchi and
Tahara.*® In their setup, the WL and upconversion fields were
first focused onto a sample in a reflection geometry, generating
ESFG. The reflected WL, upconversion, and ESFG fields were
then captured by use of a spherical mirror and refocused onto a
GaAs(110) wafer to produce a LO field that was emitted in a
direction collinear with the ESFG field. While this setup has
been used to great effect to study the structure of liquid
interfaces’*~** and monolayer films,** using it to study buried
interfaces of thin OSC films presents some significant
challenges. First, OSC thin films are known to produce ESFG
signals from each of their interfaces that interfere at a detector.
The signal from a specific interface of interest can be isolated by
measuring spectra of films of different thicknesses or by varying
the angle of incidence of the WL and upconversion
fields.*>**~* However, as many OSCs are highly absorbing,
they can strongly modify the spectrum of the reflected WL field
used to generate a LO in the scheme of Yamaguchi and
Tahara.*® This creates a complication when either OSC film
thickness or sample tilt is altered with respect to the WL and
upconversion flelds, as this can modify the spectrum of the LO
used for HD-ESFG detection. Second, producing the LO by
use of fields reflected from a sample’s surface creates a practical
issue, as the sample itself acts as a mirror. Slight changes in the
tilt of a sample when exchanging one for another can alter the
steering of beams onto a GaAs wafer placed after the sample,
thereby affecting the efficiency of LO generation. Finally, GaAs
itself is highly absorbing in the ultraviolet spectral range. As the
signal emitted by a sample needs to be reflected off a GaAs
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surface in this scheme, absorption of the signal by GaAs can
negate some of the signal-to-noise gains expected from
heterodyne detection.

To address the issues noted above, our experimental layout
for HD-ESFG generates the LO by use of a transmissive z-cut
quartz piece placed ahead of the sample. This layout is similar
to that recentlgr implemented by Inoue et al.”® and Vanselous
and Petersen’” for measuring heterodyne-detected vibrational
sum frequency generation, but to our knowledge has yet to be
adapted to the measurement of broadband HD-ESFG spectra
employing a WL continuum. Generating the LO prior to the
ESFG signal from a sample carries the distinct advantage that
the LO’s spectral profile is no longer tied to the sample film’s
reflectivity, ensuring that each sample investigated in our layout
experiences an identical LO field. Moreover, by using a
transmissive geometry to generate the LO, we simplify the
alignment of our HD-ESFG spectrometer, as the substrate that
produces the LO is no longer used as a mirror. This geometry
allows us to easily change between detecting ESFG signals
reflected or transmitted from a sample without the need to
reoptimize generation of the LO.

Figure 3A plots the spectrum of the LO field produced by
overlapping the WL and upconversion fields in a 20 ym z-cut
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Figure 3. (A) Spectrum of the transmitted LO field created by
focusing the WL and upconversion pulses into a 20 gm z-cut quartz
plate (red dashed) vs. the spectrum of the reflected ESFG field
produced by focusing the WL and upconversion pulses onto a
GaAs(110) wafer (blue). Due to temporal walkoff within the quartz
plate, the LO field is spectrally modulated. (B) Spectrum of the LO
field as a function of the angle of incidence between the WL and
upconversion fields. For these measurements, a 35 ym z-cut quartz
plate was used in place of the 20 ym quartz plate employed for HD-
ESFG.

quartz crystal alongside the spectrum of the ESFG field created
by focusing these beams reflectively onto a GaAs substrate. The
spectrum of the signal produced by GaAs largely follows that of
the WL field, and its spectral extent is ultimately limited in our
setup by a bandpass filter placed after the sample that removes
residual scattered light from the WL field. As the LO produced

by z-cut quartz is created nonresonantly, it too should display a
spectrum that tracks that of the WL field. However, the LO’s
spectrum is instead highly structured, showing a series of
narrower peaks that resemble the WL spectrum convolved with
a sinh?(w) function. This narrowed spectrum represents one
disadvantage of using a transmissive geometry to produce the
LO, as the dispersion of the z-cut quartz crystal leads to
temporal walkoft between the ESFG field and the WL and
upconversion fields that generate it as they propagate through
the crystal. This leads to a phase shift between ESFG fields
created at different points within the crystal that can negate this
field for certain wavelengths.”” The bandwidth of the LO can
be maximized by minimizing the thickness of the crystal used to
produce it,”>* and the position of peaks within the LO
spectrum can be tuned by altering the angle between it and the
incident WL and upconversion fields (Figure 3B). Nevertheless,
for the 20 pm z-cut crystal we employ here, we find that our
LO has a bandwidth of ~2200 cm™ (fwhm of central peak),
which is broad enough to span the lowest energy electronic
transition of C1-PDL

Figure 4 plots the linear absorption spectrum of a 52 nm C1-
PDI film vapor-deposited on SiO,. When dissolved as

Absorbance

1 1 1 1
300 400 500 600 700
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Figure 4. Linear absorption spectrum of a 52 nm CI1-PDI film
(structure shown in left inset). The spectrum has been corrected to
account for reflection losses. C1-PDI films are comprised of crystallites
with neighboring molecules arranged in a slip-stacked manner (right
inset). Plotted crystal structure was taken from ref 70.

monomers in CH,Cl, solution, C1-PDI displays a prominent
peak at 524 nm that corresponds to its highest occupied to
lowest unoccupied molecular orbital (HOMO to LUMO)
transition, along with higher-energy vibronic replicas of this
transition separated by ~1410 cm™', associated with C1-PDI’s
ring breathing modes (Supporting Information, Figure S2).
The spectrum of vapor-deposited C1-PDI distinctly differs from
that of monomeric C1-PD], displaying two broad peaks at 474
and 568 nm and a smaller shoulder at 536 nm (Figure 4). XRD
and AFM data measured for our C1-PDI films (Supporting
Information, Figure S3) indicate they are comprised of
micrometer-sized polycrystalline grains wherein molecules are
arranged into slip-stacked columns (Figure 4, inset) with
neighbors separated by distances of ~3.5 A7%”" This close
arrangement of molecules in the solid state allows for dipolar
through-space coupling between distant molecules as well as
direct charge-resonance interactions between neighboring PDIs
that modify their absorption spectra.’’™>*

Figure SA displays a contour plot showing HD-ESFG spectra
measured for a 52 nm CI1-PDI film as a function of the time
delay between WL and upconversion fields. As the delay
between these fields is scanned, the envelope of the response
undergoes a pronounced frequency shift due to the chirp in the
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Figure S. (A) HD-ESFG signal of 52 nm C1-PDI film on SiO, substrate as a function of the time delay between upconversion and WL fields. (B)
Spectral slice of data in panel A, taken at the position highlighted by the dashed green line (0 ps). (C) Fast Fourier transform (FFT) of the scan
shown in panel B (black) and the window used to extract the cross term at 360 fs (red). Note that the peak at t = 0 has been suppressed by
subtracting the spectrum of the LO and direct ESFG signals prior to performing FFT. (D) Zoomed view of cross term and window in panel C.

WL field. Oscillations are apparent in the spectrum at each time
delay, due to interference between the LO and ESFG field
emitted by the C1-PDI film. These oscillations are highlighted
in Figure 5B, which shows a slice through the data set in Figure
SA indicated by the dashed green line. As with any heterodyne
detection scheme, care must be taken in setting the intensity of
the LO relative to that of the signal emitted by a sample to
ensure that the measured spectrum is not dominated by the

background IE\LOI2 contribution. In our setup, the amplitude of
the LO can be tuned via in-plane rotation of the z-cut quartz
crystal. Such tunability is important as the direct ESFG signal,

Ifsamplz, produced by a C1-PDI film is 275X weaker than that

of a GaAs wafer. For the data shown in Figure S, the LO
intensity was maximally attenuated by rotation of the z-cut

quartz, yielding an intensity ratio of 89 for |E\LO|2/ Ifsamplz.
Decreasing this ratio further by replacing the delay plate used to
temporally separate the LO and signal with a similarly thin
neutral density filter could, in principle, improve the fringe
depth achieved in Figure 2B. Nevertheless, as constructed, our
setup has enough flexibility to detect heterodyne signals from
both strong (GaAs) and weak (C1-PDI) emitters.

Figure SC plots the real portion of the Fourier transform of
the HD-ESFG signal, which displays two intense peaks at time
delays of +360 fs as well as a broad band centered at ¢t = 0.
Looking at eq 2, it is apparent that the features at +360 fs
represent the cross terms that contain a product of the LO and
sample signal field, while the band centered at t = 0 denotes the

II_E\LOI2 and II_E\Sampl2 contributions to the signal. We can isolate
the cross term by applying a window function to the Fourier
transform that selects one of the peaks at +360 fs and
subsequently performing an inverse Fourier transform.***"*®
We note that the thickness of the glass plate used to introduce a
time delay between the LO and signal fields is critical to the
success of this analysis scheme. If the plate is too thin, it will
not introduce a significant enough timing shift to separate the
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cross term between the LO and signal fields from that of the
IFXLol2 and IE\sampl2 signal contributions in the temporal
domain. Conversely, if the plate is too thick, it will minimize
the interference between the LO and signal fields at the
detector. In our implementation, we have employed a 145 ym
thick glass plate that creates a delay of 360 fs between the LO
and signal fields at the detector. This delay can be fine-tuned by
slight alteration of the tilt of the glass plate or by replacing the
plate with a pair of variable-thickness wedges.”””*

Fourier transform filtering of the data in Figure SA was used
to isolate the cross term between the LO and CI1-PDI signal

fields, Ifsam IIfLOI, whose spectrum is plotted in Figure 6A
(black line). Plotted alongside this spectrum is a direct ESFG
spectrum of the same C1-PDI sample film recorded without the

use of a LO, |E\sampl2 (red line). Both sets of data were
measured with a 120 s integration time, and we have processed
the data in a manner such that the amplitudes of the cross term
and direct ESFG signal should be comparable. As expected, the
HD-ESEG spectrum is more intense than the direct signal due
to the additional contribution from the LO. As the LO is not
spectrally flat, this contribution skews the HD-ESFG spectrum,
causing it to peak at a shorter wavelength than the direct signal.
This can be corrected by dividing the cross term by the
amplitude of the LO. In practice, this division is achieved by
normalizing the Fourier-transformed HD-ESFG spectrum of
the C1-PDI film to the spectrum resulting from a similar set of
measurements performed on a GaAs(110) wafer. In so doing,
we correct for not only the spectral contribution from the LO
but also the spectral dependence of the WL field.

Figure 6B compares the value of |Exsampl2 determined by
applying this normalization procedure to the HD-ESFG data
with the value measured directly without the use of a LO.
Similar to the HD-ESFG spectrum, the spectrum of the WL
field has been deconvoluted from the directly detected ESFG
signal by normalization to a similar measurement performed on
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Figure 6. (A) Cross term extracted from the HD-ESFG spectrum of a
52 nm C1-PDI film on amorphous quartz (black) vs. the directed
detected ESFG spectrum of the same film (red). (B) Spectra of

Ifsamplz extracted from HD-ESFG (black) and direct ESFG measure-

ments (red). The gap in the spectrum derived from HD-ESFG at 370
nm results because the LO has negligible amplitude at this wavelength.

GaAs. Overall, there is quite good agreement between both sets
of spectra, in terms of both the position and relative amplitude
of peaks. Importantly, while both spectra display a prominent
peak near 352 nm, some of the smaller bands that appear at
325, 335, and 340 nm in the HD-ESFG spectrum are obscured
by detector noise in the direct ESFG spectrum. Here we see
one of the advantages offered by HD-ESFG detection. In a
direct ESFG measurement, two sources of noise can commonly
obscure a signal: electronic noise, associated with the readout of
signals from a detector, and shot noise, due to fluctuations in
the intensity of the laser source. For samples that generate
strong ESFG fields, electronic noise in a direct ESFG
measurement can be small relative to the strength of the
ESFG signal. For such signals, where laser shot noise acts as the
dominant noise source, optical heterodyne detection offers no
significant signal-to-noise advantage over direct detection of the
signal field, as the shot noise of the signal field is simply
amplified by the LO.”>’* However, for weak spectral
components of an ESFG signal that are comparable in
amplitude or weaker than the electronic noise level of the
detector, heterodyne detection can boost the signal amplitude
above the detector’s noise floor. As such, weak bands that
appear at short wavelengths in the direct ESFG spectrum in
Figure 6B are much more pronounced in the HD-ESFG
spectrum.

As additional proof of the increased sensitivity of HD-ESFG
to weak signals, in Figure S4 of the Supporting Information we
compare HD-ESFG and direct ESFG spectra measured for the
52 nm CI1-PDI film for different time delays between WL and
upconversion fields. As this time delay increases, the temporal
overlap of these fields within the C1-PDI film decreases, leading
to a reduction of its ESFG signal. Interestingly, we find that, for
time delays where the directly detected ESFG signal is

significantly obscured by the baseline noise of the detector,
the HD-ESFG signal remains clearly discernible.

While both the HD-ESFG and direct ESFG spectra in Figure
6B should overlap following the deconvolution steps above,
there is a notable 2 nm shift between the peak of these spectra.
One possible explanation for this shift is that it results from
improved sensitivity to low-amplitude features in the HD-ESFG
measurement that are obscured in direct ESFG measurements.
Alternatively, this shift could result from imperfect deconvo-
lution of the LO from the HD-ESFG spectrum. Temporal
walkoft within the quartz crystal used to generate the LO limits
its bandwidth and causes its amplitude to drop substantially
near 373 nm. While this signal drop can, in principle, be
corrected by normalizing the HD-ESFG spectrum to the LO’s
spectral amplitude, as is done in Figure 6B, this deconvolution
assumes perfect spectral overlap between the LO and signal
field emitted by a sample, which likely breaks down near
regions wherein the LO displays a complicated temporal shape,
as would be expected near 373 nm. Using a thinner piece of z-
cut quartz to produce the LO can extend its spectral bandwidth
and mitigate windowing effects imposed on HD-ESFG spectra.

In Figure 7 we compare the linear absorption spectrum of
the C1-PDI film (blue dashed line) with the amplitude of the
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Figure 7. Comparison of the linear absorption spectrum of a C1-PDI

film (blue dashed line) with its HD-ESFG field amplitude, Ifxsampl2
(red solid line). While the lowest energy band of the C1-PDI
absorption spectrum appears at 568 nm, the HD-ESFG spectrum
peaks at Ay, = 627 nm, suggesting a change in packing structure of the
PDI film near the SiO,/PDI interface.

ESFG field emitted by it, |fsampl, as determined by HD-ESFG
(red solid line). To aid in comparing these two spectra, we have
plotted the ESFG data as a function of both the wavelength of
the emitted ESFG field, Aggpg, and the wavelength of the WL
field that drives its emission, Ay;. From the data, it is clear that
the film’s ESFG spectrum distinctly differs from its linear
absorption spectrum. While the film’s lowest energy absorption
band peaks at 568 nm, the ESFG spectrum is shifted to lower
energy, peaking instead at Ay, = 627 nm with a broad tail that
extends to nearly 700 nm.

One potential explanation for the prominent red shift of the
ESFG spectrum is that its emission from the C1 film is driven
not by resonance between spectral components of the WL field
and C1-PDI's valence electronic transitions but rather by
resonance between the frequencies produced by summing the
WL and upconversion fields and higher-lying C1-PDI
electronic states. However, in this scenario, the strength of
the emitted ESFG field would be proportional to the product of
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C1-PDI's one-photon and two-photon absorption cross
sections at Aggpg.”’° As the film shows only minimal
absorption in the UV spectral range (Figure 4), this scenario
seems unlikely. A second hypothesis for the observed red shift
of the ESFG spectrum is that molecules in the vicinity of the
SiO, interface experience some degree of solvatochromic
stabilization.”* However, the static dielectric constant of SiO,
is only marginally larger than that of bulk CI1-PDI, which
suggests this hypothesis may not fully explain the magnitude of
the red shift we observe. A third explanation, which seems most
likely, is that the presence of the SiO, layer imparts strain to
C1-PDI crystallites at the junction between these materials.
Strain can either expand or contract the C1-PDI lattice, leading
to slight changes in the slip-stacking arrangements between
molecules at the C1-PDI/SiO, interface. Absorption spectra of
PDI molecular crystals are strongly dependent on the degree of
intermolecular slip between molecules, as these arrangements
dictate the strength and sign of charge-resonance coupling
between neighboring molecules.”’™** Indeed, shifts in the slip-
stacking arrangements between neighboring PDI molecules on
the order of a few angstroms can tune the absorption maxima
of PDI molecular crystals from 500 to 678 nm.”” As such,
strain-induced changes in C1-PDI’s packing structure at the
SiO, interface could explain the red shift we observe in ESFG
spectra.

However, differentiating between these scenarios and others
requires the HD-ESFG spectrum measured for C1-PDI to
accurately report on the electronic DoS of the buried C1-PDI/
SiO, interface. We* and others*™*° have shown that sum
frequency spectra of OSC thin films contain contributions from
both their air-exposed and buried interfaces. At a detector,
these two signals can interfere, modifying the measured ESFG
spectrum. Therefore, extracting information from an ESFG
spectrum necessitates first fitting the data by use of a thin-film
interference model that can separate signal contributions that
originate from each interface of an OSC film.”*** As we will
show, HD-ESFG spectra allow for more accurate retrieval of
% of a buried OSC surface than direct ESFG measurements,
as HD-ESFG measurements provide the spectral phase of the
ESFG signal field. This information delivers an additional
constraint that can differentiate between distinct trial ¥ line
shapes that produce similar fits to direct ESFG spectra.

To test how inclusion of the spectral phase of ESFG signals
influences our ability to extract ¥ of a buried OSC interface,
we performed a set of model calculations where we considered
a thin film of a PDI molecule related to C1-PDI, N,N’-dioctyl-
3,4,9,10-perylenedicarboximide (C8-PDI), that had been
deposited on an amorphous SiO, substrate. Each interface of
the C8-PDI layer was assumed to be ESFG-active, with 3%
containing a pair of Lorentzian oscillators (see Supporting
Information, Figure S6). Usin§ this information and known
optical constants of both SiO,” and C8-PDI,*® we employed
an approach developed by O’Brien and Massari® to calculate
how the ESFG field reflected by the film varies with the
thickness of the C8-PDI layer. This calculation assumes an
angle of incidence of 45° for each beam and a polarization
combination of SPS for the ESFG, WL, and upconversion
fields, respectively. For this }))olarization condition, only the ;(ﬁ}
component of the total ¥ tensor contributes to the ESFG
response.””*” We then add Gaussian-distributed noise to this
signal to make it more representative of experimental data. The
result of this calculation is shown in the top panel of Figure 8,

Agseg [nm]

MNeskg [nm]

1
HD-ESFG Fit

Agsrg [Nm]

Y

T T T T
50 100 150 200 250
C8-PDI Film Thickness [nm]

Figure 8. (Top panel) Target data set used to test the importance of
including phase in a thin-film interference model for determining )(53
of a buried OSC interface. The plotted data show the square modulus
of an ESFG field, |fsamplz, as a function of film thickness. Fits to this
data set that do not account for the spectral phase of the signal field
(middle panel) can produce results that are nearly indistinguishable
from ones that do (bottom panel).

which plots the square modulus of the ESFG field, |fsamp|2, asa
function of film thickness. This signal corresponds to that
which would be measured in a direct ESFG experiment. As the
thickness of the sample film increases, the ESFG signal is
observed to oscillate in amplitude due to interference between
signals emitted from the air-exposed and buried C8-PDI
interfaces.

To assess the importance of spectral phase, we use this data
as a target input for a series of calculations whose goal is to
reproduce this data set starting from a randomly generated )&y)
for each C8-PDI film interface. In one set of these calculations,
which we label as direct fit, only the intensity of the target

ESFG signal, Iﬁsamplz, is considered when fitting. In another,
which we label as HD-ESFG fit, both the amplitude and phase
of the target ESFG field are accounted for when fitting. The
middle and bottom panels of Figure 8 display two
representative fits to the target data set using these two
methodologies, employing the same initial guess for the )(gy)
response of each C8-PDI film interface. Following optimiza-
tion, both methodologies converge to fits that well reproduce
the intensity of the ESFG field as a function of film thickness.
We generally find this resul(t)to be true independent of the
2

starting guess used for the y,-) response of each interface.
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Interestingly, however, we find that the optimized )(J%)

response used for the buried interface strongly differs between
the direct and HD-ESFG fits. Figure 9 compares the imaginary
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Figure 9. )(J(,Q of air-exposed interface (top row) and C8-PDI/SiO,
interface (bottom row) used to generate the target data in Figure 8
(black dashed lines) and reconstructions of this response obtained by
fitting the target data with (right panels, red lines) and without (left
panels, blue lines) accounting for the phase of the ESFG signal. While
both direct and HD-ESFG fits in Figure 8 look very close to the target
data, the HD-ESFG fit better reproduces the known target ){ﬁﬁy)
spectrum of the buried C8-PDI/SiO, interface.

components of the optimized )(}%,) response found by each

fitting routine. While both fits accurately reproduce the target
)(y(g of the air-exposed C8-PDI interface, the optimized
response determined by direct fitting is unable to reproduce
the )(gy) of the buried surface, predicting that this line shape is
composed of only a single Lorentzian resonance rather than a
pair of peaks. In contrast, the HD-ESFG fit accurately
reproduces the spectral position and amplitude of both peaks
in the )(}(,2 response of the buried C8-PDI interface, suggesting
that the inclusion of spectral phase in our interference model
can improve the accuracy of the line shapes for the ¥? tensor
components recovered from it. While the calculation we
highlight in Figure 9 is somewhat of an extreme case in that it
yields completely different line shapes for the )(y(g of the buried
C8-PDI/SiO, interface, the improvement in the accuracy of
recovering the buried )(ﬁy) line shape upon the inclusion of
spectral Fhase holds across a range of different initial guesses
for the )(yﬁy) of each interface and is somewhat insensitive to the
algorithm used to optimize the fit. An expanded discussion of
these results is given in the Supporting Information.

We conclude that with the phase information we gain from
HD-ESFG measurements, we can better determine the
electronic DoS of C1-PDI molecules at buried interfaces. Our
model calculations indicate that without accounting for the
phase of the ESFG signal during interference modeling, we are
in danger of retrieving an incorrect line shape for 2 of the
buried C1-PDI interface from these measurements. This can
skew the interpretation of ESFG signals measured from these
and other OSC films.

At present, we are in the process of applying a full
interference modeling approach based on the phase-sensitive
methodology outlined above to ESFG spectra recorded for
both CI1-PDI and C8-PDI thin films. Details regarding the

results of this fitting are expansive enough that they merit a
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subsequent publication. However, in anticipation of this report,
at present we can state that the features we observe in ESFG
spectra of films of both materials deposited on SiO, suggest
that they are subject to strain at the SiO, interface, which
distorts their intermolecular arrangements from those preferred
in the bulk of each material.

4. CONCLUSIONS AND OUTLOOK

In this report, we have demonstrated a simple method for
incorporating heterodyne detection into a broadband ESFG
spectrometer and described some of the benefits that HD-
ESFG detection holds over the direct detection of ESFG
signals, particularly for OSC thin films. HD-ESFG’s sensitivity
to low-amplitude signals can highlight weak features that appear
in a spectrum. For samples such as OSC thin films that contain
multiple ESFG-active layers, the phase information provided by
HD-ESFG measurements can constrain optical models that
seek to extract information on the electronic DoS of a specific
interface within a sample. Without accounting for this phase,
such interference models can be more prone to reporting
spectra that do not accurately reflect the DoS of a buried
interface. In addition, as the phase of an ESFG signal depends
strongly on the thickness of a sample film, we believe that HD-
ESFG measurements will be of great utility in the study of
buried interfaces where the roughness of the buried surface
cannot be ignored. The advantages mentioned above will be
critical to both the implementation and interpretation of time-
resolved ESFG studies, as they provide enhanced sensitivity to
the electronic structure of buried interfaces while simulta-
neously reducing data collection times needed to record ESFG
spectra.
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