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ABSTRACT: The dynamics of electronic transitions in solid-state materials are closely
linked to microscopic morphology, but it is challenging to simultaneously characterize
their spectral and temporal response with high spatial resolution. We present a time-
resolved nonlinear microscopy system using white-light supercontinuum pulses as a
broadband light source. This system is capable of correlating nanometer scale sample ,
morphology determined from atomic force topography measurements with broadband | ticoesia

Overhead View

transient absorption hyperspectral images and ultrafast 2D white-light spectra, all with a
spatial resolution of <1 pm. The experimental apparatus is described with a focus on the
dispersion management strategies necessary to minimize the duration of optical pulses
when implementing an AOM based pulse-shaping system covering a broad-spectral range
in the VIS/NIR. Experiments on TIPS—pentacene organic semiconductor microcrystals
are used to demonstrate the unique capabilities of this technique.

1. INTRODUCTION optical pulses across each axis of the 2D spectra. Moreover, as
electronic transitions can also be associated with fast
~femtosecond dephasing times, it is further necessary that
both pump and probe pulses be temporally compressed to
resolve the intrinsic system dynamics. Such compression,
however, represents a challenge for broadband optical pulses in
the visible spectral range, as most transmissive materials
present in the experimental beampath are highly dispersive,
necessitating the need for precise correction of large
magnitudes of spectral phase variation.

Broadband TA microscopy techniques have been demon-
strated using nondegenerate, spectrally narrow bandwidth
pump and probe pulses in order to reduce the temporal
stretching associated with dispersive, transmissive microscope
objectives."”>™'® This constraint limits measurements to
excitation and probing of singular and spectrally separate
electronic transitions. In contrast, 2DES measurements
typically provide information on the transient spectral response
covering a broad, spectrally degenerate bandwidth for the
pump and probe pulses. These techniques, however, are
generally implemented without appreciable spatial resolution.
Avoiding the use of dispersive microscope objectives, 2DES
characterization has been limited to spatial resolutions of at
best 210 um.'”” This resolution represents a significant

Transient absorption (TA) microscopy and two-dimensional
electronic spectroscopy (2DES) have proven to be valuable
tools for the measurement of the dynamics associated with
electronic transitions throughout the visible spectral range.' ™
Transient absorption measurements provide access to the
inherent time scales which govern a system’s response to
photoexcitation including energy/charge transfer, diftusion,
decay, and conversion processes among others. By resolving
the correlation between the optical excitation energy and
response energies, 2DES techniques further provide a means of
tracking couplings and energy transfer processes between
multiple electronic excitations. Through implementation of a
4-f Acousto-optic modulator (AOM) based pulse shaping
system, we detail the development of a multimodal microscopy
system capable of combining the temporal and spatial
resolution available from TA microscopy mapping with the
broad spectral bandwidths and multidimensional character-
ization capabilities available from 2DES.

As many electronic transitions in condensed phase and solid-
state materials span optical bandwidths of tens of nanometers,
in order to characterize couplings and energy transfer processes
between multiple electronic transitions, it is advantageous to
utilize light sources which are as spectrally broad as
possible.”~'* 2DES experiments are naturally suited for

characterization of these broad absorption features as large Received: September 25, 2019
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Figure 1. (a) Experimental schematic of the 2DWL microscopy system. WL generation is performed by sending the fundamental laser source
through a waveplate (WP) /polarizer (pol) variable attenuator, and focusing via a 75 mm focal length lens (L) into a YAG crystal. Chirped mirrors
(CM) and the AOM pulse-shaper are used for dispersion compensation while a thin-film polarizer is used to combine pump and probe beams prior
to the microscope. (b) Image of the intensity distribution of the WL supercontinuum transduced via deflection of the AFM probe in contact with
the sample surface. (c) Representative spectral distributions of the pump and probe pulses incident upon the sample. The dashed vertical lines
indicate the limiting wavelengths diffracted by the acoustic aperture of a TeO, AOM pulse-shaper.

limitation, as the photoresponse of a material is often closely
linked to microscopic morphology below this resolution.

Following our initial report,20 we detail the experimental
combination of broadband 2DES spectroscopy with TA
microscopy to create a multimodal two-dimensional white-
light (2DWL) microscopy system. The apparatus in question
combines an atomic force microscope (AFM) providing
nanometer-scale topographic resolution, a confocal optical
microscope, and the pulse-shaping/phase control of a 2DWL
spectroscopy system.” As an optical source for both the pump
excitation and probe detection, we implement broadband
white-light (WL) supercontinuum generation to create pulses
>200 nm in spectral bandwidth. The addition of pulse-
shaping®*"** further enables creation of user-defined pulse-
pair sequences with well-defined temporal separation and
relative phase. The advantage here is twofold: 2DES
measurements can be performed using the same “pump-—
probe” experimental geometry as TA measurements,””** while
the third-order signal pathways of interest may be extracted
using a combination of polarization control and phase-cycling
of the pulse-sequence.”**°

While use of a pulse-shaping system greatly simplifies the
experimental geometry of 2DES measurements, implementing
these techniques over broad-bandwidths requires overcoming
challenges associated with the intrinsic dispersion of the shaper
itself, particularly for the visible spectral range. In the following
sections, we detail the specifics of our experimental apparatus,
the signal-to-noise gains associated with utilizing shot-to-shot
pulse-shaping/detection, and dispersion compensation strat-
egies for the implementation of an AOM pulse-shaping system
operating over broad optical bandwidths. As a demonstration,
we perform ultrafast spectral characterization of microcrystals
of an organic semiconductor, TIPS-pentacene (6,13-bis-
(triisopropylsilylethynyl)pentacene, TIPS-Pn), which under-
goes exothermic singlet fission on a ~100 fs time scale.”*” >’
We correlate the local morphology of individual TIPS-Pn
microstructures determined using AFM topographic mapping
with broadband TA imaging to measure the spatial variation of
the spectral response within individual microcrystals. Targeted
high-resolution 2DWL measurements are then used to further
characterize heterogeneity at specific locations within single
microcrystals. Thus, by combining an AFM, TA microscope,
and 2DWL spectrometer, we demonstrate a characterization
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Figure 2. (a) Relative intensity noise comparison of the fundamental (A = 1040 nm) and spectrally integrated WL supercontinuum for ~10°
sequential laser shots. (b) Spectral distribution of the rms noise in the measured optical density for sequential laser shots (green) and spectrum of
WL supercontinuum (black). (c) Distribution of the total rms noise, corresponding to a 1 s acquisition, shown for repetition rates of 100 and 1

kHz, respectively.

technique which can first identify and topographically
characterize individual nanostructures using AFM, and
subsequently spatially and spectrally map the nanostructure’s
intrinsic ultrafast response using TA imaging and high-
resolution 2DES.

2. EXPERIMENTAL METHODS

Multidimensional spectra can be measured in a variety of
geometries, but the optical alignment of multiple pump and
probe pulses into a single microscope objective can be
facilitated by implementation of a colinear beam geome-
try.'°™>* The process of measuring a multidimensional
spectrum is performed here using a high-repetition rate,
broadband AOM pulse shaping system based on our previously
reported 2DWL spectroscopy system.6 The WL generation,
shaping of the spectral phase, and focusing optics necessary for
2DWL microscopy measurements are pictured in Figure I.
While broad bandwidth pulses have been achieved from
NOPA''™" and hollow-core fiber light sources,”” '’ we
generate WL supercontinuum via filamentation in a solid-
state material to directly act as a light source for both the pump
and probe pulses.” Using an amplified, subps, Yb laser as a light
source, the resulting supercontinuum is coherent’* and can
spectrally range from ~500 to 1600 nm when using YAG as a
filamentation medium.’**® The total pulse energy associated
with WL continua (~nanojoules) is orders of magnitude
weaker than amplified ultrafast visible light sources, however,
the reduced focal volumes results in pump—probe signal
strengths that are sufficient for many materials and biological
samples.6’37 Further tight focusing using a microscope
objective allows for pump fluences of up to ~250 uJ/cm” in
the sample focus, which often necessitates attenuation of the
pulses to prevent damage or sample degradation.

To generate WL supercontinuum for this experiment, we use
a Yb:KYW amplifier (Spirit, Spectra Physics) with a center
wavelength of 4 = 1040 nm, pulse duration of ~400 fs, and
pulse energy of ~10 uJ. These pulses are divided equally
between pump and probe arms and directed through a WL
generation system consisting of a waveplate/polarizer variable
attenuator, focusing lens (f = 75 mm) and a YAG crystal (8
mm and 4 mm for the pump and probe, respectively) to
produce a stable supercontinuum spectrum. The probe-arm of
the experiment contains an additional optical chopper which
selectively transmits every other pulse allowing for further
discrimination of signals related to pump-scatter (see
discussion below). The broadband spectral distribution of
the pump and probe pulses are displayed in Figure 1c. While
the source of the pump and probe pulses are both generated
via WL filamentation, the spectral distribution of the pump at

the sample varies slightly due to the relative efficiency of the
gratings within the 4-f AOM pulse-shaper.

To minimize measurement time for imaging applications, it
is important to collect data as quickly as possible. In order to
achieve a desired signal-to-noise with a minimal acquisition
time, we implement a high repetition rate amplifier system
operating at 100 kHz to both maximize the rate of signal
acquisition and minimize the intensity fluctuations between
sequential pulses as a means of lowering the noise floor of the
measurement. Owing to a longer excited state lifetime, utilizing
amplified pulses from a Yb-based system at higher (>100 kHz)
repetition rates allows for a reduction of shot-to-shot energy
fluctuations with respect to kHz based Ti:sapph amplifier
systems.® For the laser system used here (Spirit 4W Yb:KYW),
pulse energy fluctuations of the fundamental laser of ~0.125%
rms were observed (Figure 2a). Through optimization of the
focal conditions for WL filamentation, corresponding energy
fluctuations of ~0.15% were observed for the supercontinuum.
This noise is only fractionally higher than the fundamental
laser noise emphasizing that a combination of low laser-noise,
high mechanical stability, and rapid acquisition can be used to
minimize the noise floor of TA and 2DWL measurements. To
determine the noise-floor of a pump—probe measurement, we
measured the average normalized intensity difference between
sequential laser shots. Here, the spectral variation of rms noise
associated with the change in optical density is inversely

related to the root of the spectral intensity, «S(w) /2, of the
WL distribution as pictured in Figure 2b. Further, by
increasing the acquisition rate, we observe that the measured
signal-to-noise ratio improves faster than would be expected
from increasing the number of collected data points alone.
This increase is attributable to higher coherence between
neighboring laser shots at high repetition rates.”*” In this case,
the reduction of the noise floor for pump—probe measure-
ments can be demonstrated through the comparison of the
noise-floor for a 1 s acquisition at laser repetition rates of 1
kHz and 100 kHz. While a factor of 10 decrease would be
expected from the increased sampling alone, we observe a
decrease by a factor of ~28.

Temporal pulse compression of both the pump and probe
pulses is achieved using a combination of dispersion
compensation techniques. For the probe pulse, which passes
through a minimal amount of transmissive material, dispersion
compensation of both group delay dispersion (GDD) and
third-order dispersion (TOD) is achieved via a broadband
chirped-mirror compressor (Layertech GmbH, #132580).
Thirteen bounce-pairs compensate for ~570 fs*> of GDD and
~300 fs* of TOD compensating for the 4 mm YAG
supercontinuum generation crystal and 2 mm of SiO, in the
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probe beampath. For the pump pulse sequence generated by
the AOM pulse-shaper system, temporal compression involves
a number of components, both active and passive. These
elements include a chirped-mirror precompressor, a static
dispersion contribution resulting from the AOM-grating
geometry, and the actively controlled spectral phase shaping
provided by the AOM itself. The complete dispersion
balancing of the TeO, based AOM system is detailed in the
next section.

Following dispersion compensation and pulse-shaping to
generate a temporally compressed 2DWL-pulse sequence, the
pump and probe pulses are combined in a cross-polarized
relationship using a broadband thin-film polarizer and directed
through a bottom illumination reflective focusing objective
(50%, NA = 0.65). Light transmitted by the sample is collected
by an (20X, NA = 0.6) objective, polarization filtered to isolate
the transmitted probe pulse, and fiber coupled for detection
using a synchronized spectrometer, also operating at 100 kHz
(SpectraPro2150, Princeton Instruments, e2V AviivA EM4).
While the spatial-resolution of TA and 2DWL measurements
are primarily governed by the third-order processes which
generate signal, the process of fiber coupling the transmitted
light from the collection objectives additionally acts as a
pinhole enabling the system to further act as a confocal
microscope for linear spectroscopic measurements as well.

One particular advantage of AOM based pulse-shaping
systems is that the spectral phase and amplitude used to
increment the time-delay and relative phase of the pump pulse
sequence can be modulated on a shot-to-shot basis at
repetition rates up to ~300 kHz. The rate of 100 kHz used
here corresponds to the limiting readout rate of the
synchronized detector. As stated above, data acquisition at
high repetition rates is doubly advantageous, first by virtue of
an increased rate of data collection, and second due to the
reduced relative noise between sequential measurements.”*®
As illustrated by the relative pump—probe measurement noise
in Figure 2c, high-repetition rate shot-to-shot detection allows
for minimization of the effects of low frequency noise in the
light source by reducing contributions from slow power drifts,
1/f noise, and electronic noise.

A typical 2DWL measurement is performed by measuring
the transient absorption spectrum of the probe pulse
corresponding to an increasing series of coherence times of
the pump-pulse pair. Phase cycling of the relative phase of a
pump-pulse pair (¢,, ¢,) with respect to one another is
implemented to reduce the effect of pump-scatter interference
with the detected probe. The probe pulse is further modulated
on/off at 50 kHz with an AOM chopper as a means of
subtracting any residual leak-through of the pump following
polarization filtering prior to detection with a synchronized
spectrometer. The result is an 8-frame pulse sequence for each
coherence time in the 2DWL measurement (four pump-pulse
phase relationships: [(¢; = 0, @, =0), (¢, =0, @, = 7), (¢, =
7, ¢, =0), (¢, = 7, ¢, = )] each combined with a two-pulse
probe sequence (probe-on/probe-off)). A typical 2DWL
measurement consists of a sequence of 400 pump-pulse
combinations corresponding to a set of 50 coherence time
delays, each with its own 8-frame pump/probe phase sequence,
which results in a total acquisition time for a single spectrum of
4 ms. The measurement of this 2DWL sequence can then be
repeated until the desired signal-to-noise ratio is achieved.

3. BROADBAND DISPERSION COMPENSATION
USING AOM PULSE-SHAPING

In order to perform time-resolved spectroscopy experiments, it
is essential that the temporal duration of the pump and probe
pulses are minimized. This requirement represents a significant
challenge for broadband spectroscopies in the visible spectral
range, as transmissive materials in the beampath can incur
significant dispersive chirping of the optical pulse. Due to its
high dispersion (GDD[675 nm] = 660 fs*/mm), implementa-
tion of a TeO,-based AOM for pulse-shaping across a broad
spectral range requires precise balancing of the dispersion
contributions within the optical beampath. Interestingly, we
found that the net external dispersion compensation necessary
to temporally compress the WL supercontinua for the pump
pulse sequence was much less than expected given the large
dispersion and optical path length within the TeO, based
AOM pulse-shaper. As detailed in the following section, this
discrepancy is the result of an additional dispersive
contribution stemming from the geometric parameters of the
4-f shaper and the scaling relationship between the optical
frequencies of the WL pulse with the phase of the acoustic
waveform within the AOM.

In general, control over the temporal profile of the pulse
sequence is performed via dispersion compensation of the
spectral phase. Here, the relation of the electric field, E, of a
given optical pulse with the spectral phase may be expressed as
E(w) = S(w) -e_ivl(m), where S(w) = |E(w)I* represents the
spectral intensity and y(w) represents the spectral phase of the
pulse. Expressing w(w) as a Taylor series, the spectral phase
may be described using terms associated with the linear group-
delay (y;, GD), second order group-delay dispersion (w5,
GDD), third order (w3, TOD), fourth order (y,, FOD), ..to

"y

nth order dispersion, y =

n do""
az
W) = ylg) + L0 — wg) + 70w — o)

=y, + (0 — o) + %{w - wy)” + ..
(1)

The total spectral phase of the 2DWL microscopy system
can be viewed as a superposition of contributions representing
the phase associated with normal and anomalous dispersive
optical elements in addition to the compensatory spectral
phase applied by the AOM mask. Normal dispersive optical
elements yyp(@) represent elements with positive dispersion

. . . . irs 0
for which the propagation time, 7 = %, is positive, ;T} > 0.
(L (L
Conversely, anomalously dispersive y,,(@) elements are those
. 1 . . . 0
which exhibit negative dispersion, i < 0. In order to

temporally compress the pump-pulse sequence generated by
the AOM, a user-defined compensatory spectral phase mask
wy(w) is applied using the AOM. Here, y;(@) serves a variety
of purposes including application of a controlled phase offset,
the use of phase-modulation as a means of generating multiple
pulses, and employing a spectral phase offset to precisely
balance the net group-delay of the entire 2DWL microscopy
system at the sample focus.

Implementation of a pulse-shaper for the 2DWL microscopy
measurements not only enables dispersion compensation as a
means of temporally compressing the optical pulse but also
allows for the generation of a colinear pump-pulse pair with a
user defined relative-phase offset and coherence time

DOI: 10.1021/acs.jpca.9b09099
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Figure 3. (a) Schematic of the AOM geometry illustrating (b) the linear scaling of the optical wavelength and the instantaneous phase of the AOM
sinusoidal wave for the TeO, AOM described in the main text. Using this instantaneous phase, the (c) group-delay relative to the center wavelength

. . . . - . Lo d
of A = 675 nm can be determined using chain-rule differentiation for —1 order diffraction, d%l) =

dd, dt,
dty, do”

separation. Here, the application of a custom spectral
amplitude and phase mask, M, may be expressed in frequency
space as

E’((D) = M(a))E(a}) = |M(0))|E(a))-e_iWM(”’) @)

where E(®) represents the electric field of the incoming optical
pulse, and E'(w) the outgoing shaped electric field.”” For the
measurement of multidimensional spectra using a pump-—
probe geometry, it is commonplace to implement shaping to
create a pulse-pair with relative phase-oftsets of ¢, and ¢,
respectively, separated by a coherence time-delay 7, This
specific AOM mask function, M,p, can be represented using a
modified form as”>*’

1 —ig —i(wr+@. —il 0

MZD(w) — E(e 4 e i(w £+(/2))_e i (@) (3)

The imposition of M(®) on E(w) by the AOM physically
occurs via diffraction from the periodic modulation of the
refractive index of the AOM crystal.*”*' Depicted in Figure 3a,
these modulations are caused by a traveling acoustic wave
launched with center frequency f,, by a transducer over a fixed
time-window spanning a range of t, = 0 to T, with t,
representing the relative time of the AOM transducer output
and T, the duration of the acoustic wave. When light incident
upon the AOM is close to the Bragg condition, it may be
efficiently diffracted by the acoustic wave into either the +1 or
—1 diffraction orders. As a consequence of momentum
conservation, the frequency and phase of the diffracted optical
beam is shifted by the corresponding frequency and phase of
the acoustic wave. For the 4-f AOM shaper implemented here,
the incident light travels with a component along the same
direction as the acoustic wave resulting in —1 order diffraction
and a negative-frequency/phase shift."”” The form of this
acoustic wave can be generally expressed as

A(ty) = alty) sin(2af ty + Fy(ty)) (4)

where a(t,) and W,(t,) represent the amplitude and phase of
the acoustic wave, respectively.”

The spectral amplitude, IM(®)l, and phase, y,(w), may be
mapped to the physical parameters of the acoustic wave, a(t,)
and W,(t,), using the relationship between the optical
frequency @ and AOM transducer timing t,. This calibration
is performed using a polynomial expansion with ¢, terms
representing the calibration constants:

o(ty) = co+ ity + coty” + o (s)

This expansion, in practice quadratic, captures the
parameters of the 4-f shaper (grating groove density, focal
length, AOM position, etc..) as well as the linear scaling of
wavelength A across the acoustic aperture of the AOM
waveform. As a result, the relationship between IM(w)l,
wu(®), and the properties of the acoustic wave can be
established via the following relations with the sign determined
by the order of diffraction:

M(w(ty)) = alty)
V/M(w(tA)) =+ (t) (6)

For any given AOM transducer waveform, it is often
convenient to express the net phase of the sinusoidal acoustic
waveform in terms of the instantaneous phase parameter, ®,.

Dy (ty) = 27fyty + W, (ts) (7)

The AOM transducer frequency required to implement this
phase shift is characterized by a corresponding instantaneous
frequency, v, i

do,

A
— =2xf +
dt, %o

d¥, (ts)

Z/A,in(tA) = dr, )

In utilizing the AOM pulse-shaping system to apply
dispersion compensation, the primary objective is to apply
an active spectral phase-compensation mask which minimizes
the group-delay across the spectral range of the pump-pulse.
This condition is met when the derivative of the net spectral
O(@) Oy (@)

0 ow
W, exists as a superposition of wyp, Wup, the user-defined
spectral phase compensation (), and a final spectral-phase
contribution (Yyy,) associated with the sinusoidal wave of the
AOM itself.

phase of the entire system, = 0, is zero. Here,

Yo (@) = yip(@) + (@) + uy (@) +y (@) ()

wyp specifically corresponds to normal dispersive optical
elements, i.e., most transmissive optical materials in the visible
spectral range. This term includes the spectral phase
contribution associated with transmission through the AOM,
which itself can be highly dispersive. In contrast to normal
dispersion, the y, term represents optical elements providing
anomalous dispersion. While this term can correspond to a
variety of optical systems such as prism or grating compressors,
for our microscopy apparatus it corresponds to the broadband
negatively chirped-mirror compressor implemented prior to
the AOM pulse-shaper.

DOI: 10.1021/acs.jpca.9b09099
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The final two terms in eq 9 represent the net spectral phase
applied via the AOM pulse shaping system, ¢,;, which can be
written in terms of the instantaneous phase of the AOM
transducer output, ¢y(@) = Yya(®) + yylow) = +
D, (ty(w)) with the sign determined by the order of
diffraction. This relationship directly links the spectral phase
contribution associated with the AOM mask with the physical
characteristics of the AOM waveform contained in eq 6:

Yy an(@(ta)) = £27f 8,

yo(ty)) = ¥ (ts) (10)

The source of the spectral phase contribution associated
with Yy, stems from the distribution of optical frequencies
across the acoustic aperture of the AOM, specifically the linear
component of the instantaneous phase, 27fot,. eq S indicates
that the relationship between ® and t, includes high-order
terms. As depicted in parts b and c of Figure 3, re-expressing
Wisn as a function of @ is thus a nonlinear relationship
implying that higher-order spectral phase contributions
Yt n
(WMsin,n = do”
wave must be present. The magnitude of these contributions
can be determined by expressing the first term in eq 7 as a
function of @. Here, the linear component of the instantaneous
phase associated with a sinusoidal acoustic wave with
frequency, f;, can be written in terms of a Taylor expansion
surrounding the central optical angular frequency, w,.

# 0) associated with the sinusoidal acoustic

Ysin 2
2ﬂfotA(C‘)) = Viggino T WMsin,l(w - wy) + ———
W W
(o — a)o)2 + %(w - w0)3 + M(w - w0)4...

(11)
Finally, y,, represents the component of the dispersion,
which is readily adjustable by the user. It is instructive to first
estimate the achievable magnitude of spectral phase
compensation, which the AOM is capable of producing.
Experimentally, the range of spectral phase compensation is
limited by the bandwidth of frequencies the AOM transducer
is able to generate. Using eq 7 and 8 to relate spectral phase
mask to the instantaneous phase, a first order estimate of the
maximum possible second order spectral phase compensation
I//M(a)) = %(a) - a)o)2 achievable using the AOM may be
derived. Here, for an acoustic wave with duration, T,; whose
acoustic aperture spans an optical frequency range, Aw
@(Ty)—w(0), the necessary acoustic bandwidth, Af,qy,
needed to provide a second order spectral phase offset y,
can be approximated as

1
AfAOM = ElyA,inst(TM) - yA,inst(O)l

d0,(T,) 4, (0)
dt, dt,

Yy Aw da(t,)
dt,

2r
1//2~Aw2
27Ty

(12)

The quadratic scaling of Afyoy with respect to the optical
bandwidth of the pump, Aw, in eq 12 underscores the
challenge of providing dispersion compensation for broad-
bandwidth applications. For example, the TeO, AOM used in

10829

this study operates with a center frequency of f, = 200 MHz
and a maximum bandwidth of Af,qy = 100 MHz to generate
an acoustic mask of duration Ty = 5 ps with an aperture
covering wavelengths ranging from 570 to 780 nm (Aw = 0.9
rad-PHz). The resulting limit for GDD compensation by the
AOM is ~3900 fs®. This constraint creates a problem for
temporal pulse compression as the GDD of the TeO, AOM,
with a thickness of L = 10 mm, is ~6600 fs® at the center
wavelength of 675 nm. Thus, for the large spectral bandwidth
of the pump, y(w) alone cannot even compensate for the
normal dispersion associated with transmission through the
AOM crystal.

With this challenge in mind, the intrinsic dispersion
associated with the sinusoidal wave yyg,(®@) allows for
additional spectral phase compensation as a means of
balancing the group-delay of the entire system. Here, the
dispersion parameters, Wy, ,» describe the orders (GD, GDD,
TOD, ..) of the spectral phase associated with a pure
sinusoidal AOM acoustic wave characterized by an instanta-
neous phase of ®@,(t,) = 2afyt,. As an illustration, the
geometric parameters of the 4-f TeO, AOM used here result in
the following calibration constants: ¢, = 3.32 rad-PHz,

¢ = =236 X 10°rad-", and ¢, & 1.08 X 10'°rad-"5*, cap-

turing the mapping of lower optical frequencies to longer
transducer time-delays in the AOM acoustic waveform.
Performing the expansion in eq 11 with these calibration
parameters shows that the net spectral phase contribution of
the sinusoidal wave corresponds to dispersive parameters of
Watina = —4560 £8%, Wygins = 10270 £s%, and 4 = —27600
fs*. The magnitude of these dispersion parameters is
substantial, surpassing the compensation range of the AOM
itself. Most importantly, the combined GDD contributions of
the AOM mask, Wy, + Wyginy are now capable of
compensating for the normal material dispersion of the
AOM itself.

It is interesting to note that by switching whether optical
frequencies map from blue to red onto the time delay of the
acoustic waveform or vice versa, one can reverse the signs of
the dispersion terms associated with y;,. In order to achieve
a balanced dispersion for the experiment with a residual
spectral phase contribution within the compensation range of
Yy it is thus essential to select the geometric orientation of the
4-f pulse-shaper in a manner which results in a y;;, which acts
to offset the normal dispersion of the AOM.

Table 1 displays the dispersion terms associated with the
TeO, AOM used here and the associated transmissive optics in
the 2DWL microscopy system. The net dispersion is balanced
via a combination of active and passive dispersion
compensation along with the geometric parameters of the
pulse shaper. The corresponding net group-delay associated
with each of the various elements of the pump beam path for

Table 1. Spectral Phase Parameters (4, = 675 nm)
Associated with TeO, AOM-Based 2DWL Microscopy
System

Phase Term GDD (fs%) TOD (fs®) FOD (fs*)
Wb 6600 + (1460) 4290 + (690) 2990 + (—10)
Wap —1760 0 0
W —1650 —15250 24620
Wiisin —4650 10270 —27600
Wiet 0 0 0
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Figure 4. (a) Graphical representation of the net group delay (y/,,) of the pump optical beam-path with respect to group delay of normal
dispersion (y’p,), anomalous dispersion (y’,p), the static dispersion associated with the sinusoidal AOM waveform (Y1), and the active
dispersion compensation applied by the AOM (y/y;,) with respect to a central wavelength of 1 = 675 nm. (b, c) Polarization-gating FROG
characterization of the pump pulse without and with active pulse compensation from the AOM pulse-shaper, respectively. (d) Integrated spectral

intensity of the pump pulse exhibiting a <50 fs fwhm.

the TeO, AOM is shown in Figure 4. Here, yyp is determined
by the optical thickness of the AOM (L, = 10 mm) and the
other transmissive optical elements in the pump beampath
(Lyag = 8 mm and Lg;o, = 11 mm) which are contained by the

term in parentheses. Y, is generated via the ~44 bounces on a
negative chirped mirror compressor system. yy and Wy,
represent the user defined and static sinusoidal spectral phase
contributions associated with the application of the AOM
phase mask with yy,, representing the net dispersion of the
complete 2DWL microscopy system.

As shown in Figure 4a, these dispersion contributions can be
chosen to precisely balance one another yielding a net group
delay of zero across the entire bandwidth of the pump pulse.
The negative dispersive effect of y;;, can clearly be visualized
as the most significant contribution of negative GDD, without
which full temporal compression of the pump-pulse would not
be possible. Careful selection of dispersion contributions, both
active and passive, is thus critical in achieve full temporal
compression of the pulses.

The specific effect of the active phase compensation
provided by the AOM pulse-shaper is depicted via the
polarization-gating frequency resolved optical gating (PG-
FROG) measurements (Figure 4b,c) using the <30 fs output
of a NOPA as an optical gate in a crossed-beam geometry; the
duration of the probe pulse was similarly measured to confirm
its temporal compression.43 These measurements were
performed at a separate sample location than the 2DWL
microscope system but with an optical beampath in which all
dispersive element were shared. PG-FROG traces of the pump-
beam demonstrate the impact of the AOM spectral phase mask
by characterizing the temporal profile of the pulse before and
after the active phase compensation, i, has been turned on.
Here, the user-controlled spectral phase compensation mask
enables for compression of the WL supercontinua down to a
pulse-durations of <50 fs (Figure 4d). Notably, the utility of
the pulse shaper does not simply lie in precise temporal
compression of the pump pulse, but also in the ability to
produce the user-defined pump-pulse sequences necessary for
acquiring 2DWL spectra. As demonstrated in the following
section, the ability to generate a pair of pump-pulses with well-
defined temporal separation and relative phase on a shot-to-
shot basis enables the acquisition of 2DWL spectra on
~millisecond time scales. It is the combination of these fast
acquisition techniques with confocal microscopy which enables
the acquisition of multidimensional spectra with simultaneous
broad-spectral bandwidth and high temporal/spatial resolu-
tion.

4. DEMONSTRATION OF BROADBAND 2DWL
MICROSCOPY ON A SINGLET FISSION MATERIAL

The process of singlet fission has long been of research interest
as the prospect of carrier multiplication provides a promising
means for increasing the efficiency of photovoltaic devices
beyond the Shockley—Queisser limit.*"*> Here, singlet fission
represents a mechanism by which a singlet exciton formed by
the absorption of a single photon undergoes a spin-allowed
transition into two triplet excitons. One particular class of
materials who have been shown to exhibit singlet fission are
polyacenes. For these materials the geometric relationships
between neighboring molecules is known to play a critical role
in determining the intermolecular couplings which govern the
energetics and kinetics of the singlet fission process.**™°

The role of intermolecular coupling in singlet fission
motivates the study of links between local sample morphology
and energy transfer pathways, as morphology determines the
couplings between molecular chromophores. Understanding
these links is of particular importance for the development of
more efficient photovoltaic devices. The kinetics of a variety of
singlet fission systems have been investigated including single
crystals,'"”*'™>* nanoscale molecular aggregates,”*>® and
polycrystalline/disordered thin films,>#>7~° among others.
Despite extensive singlet fission research, studies mapping the
correlation between local morphology and the resulting energy
transfer pathways remain underdeveloped. Characterization of
the spatial distribution and variation of available energy
eigenstates and their couplings holds promise in determining
where excitations occur, how they diffuse to sites which
promote singlet fission, and whether the resulting triplet states
are capable of producing useable photocarriers or whether they
recombine at low-energy trap sites.

The merging of microscopic methods with broadband TA
and 2DWL characterization addresses these needs by enabling
spatial imaging of the spectral response of individual
microstructures and measurement of how energy transfer
pathways vary with sample morphology. These capabilities are
of particular interest for photovoltaic materials which often
contain multiple electronic absorption features spanning a
broad energy range. By measurement with both a broadband
pump and probe, it is possible to simultaneously characterize
the electronic couplings, ultrafast dynamics, and energy
transfer processes that occur among multiple energy
eigenstates. Acting in concert with the spatial resolution
provided by the AFM and optical microscope, we are further
able to correlate variations in energy transfer and the
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Figure S. (a) Singlet and triplet state energies in crystalline TIPS-Pn shown with optical transitions associated with S;, GSB (blue arrows) and
'(TT) ESA (red arrows). (b) Overhead view of the orientation of TIPS-Pn molecules within an individual microcrystal. Transition dipoles
associated with ground state S; , absorption and '(TT) ESA are shown in blue and red respecitvely. (c) Spectral distribtion of TA with the probe
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Figure 6. (a) AFM topography of a region containing several TIPS-Pn microcrystals. (b—d) extracted TA images at wavelengths corresponding to
'(TT) ESA, the S, , GSB, and the S, ; GSB, respectively. (e) Reconstructed molecular orientation from the GSB/ESA ratio yielding the molecular

orientations pictured in part f.

broadband spectral response with specific morphological
features in the sample.

As a demonstration we present TA and 2DWL microscopic
characterization of microcrystals which exhibit singlet fission
on an ultrafast time scale. The specific material we have chosen
are thin microcrystals of TIPS-Pn.°"®> As an organic
semiconductor, TIPS-Pn has been of significant research
interest because it is both solution processable and exhibits
singlet fission. Materials similar to TIPS-Pn have been
proposed as potential photosensitizers in solar cells which
allow for increases in the total photocurrent achievable from
bluer wavelengths such that the internal quantum efficiency
can be increased beyond 100%.%°~%

Similar to previous studies, the TIPS-Pn microcrystals
studied here are fabricated via drop-cast crystallization of a
concentrated TIPS-Pn/toluene solution on a glass microscope
coverslip in a toluene rich environment.”’ ™ The resulting
sample consists of a microcrystal distribution which ranges
from ~100 to 300 nm in thickness, 10—20 ym in width, and
several millimeters in length. Due to the growth conditions as
the TIPS-Pn solution dries, neighboring microcrystals are often

10831

locally oriented parallel to one another with the longitudinal
axis of the pentacene core parallel to the substrate (Figure 5).°

The transient optical response of an individual microcrystal
is dependent on the relative orientation of the microcrystal
with respect to the pump and probe polarization directions.
Initial population of a singlet exciton distribution occurs
through excitation of a vibronic progression of singlet states
S,,, which spans from 590 to 700 nm. The transition dipole
moments of these singlet excitations lie along the short axis of
the pentacene cores of the microcrystal (Figure Sb). Following
excitation, the singlet population undergoes a rapid (~100 fs)
singlet fission process to generate two triplets in a localized
correlated triplet-pair state '(TT) from which excited state
absorption may occur. In contrast to S;, transitions, the
transition dipole moment of the '(TT) state lies along the long
axis of the pentacene core.”’

4.1. Characterization of the Orientation Dependence
of the Broadband Ultrafast Response. For TA microscopy
of TIPS-Pn the transition dipole moments of singlet absorption
and triplet excited state absorption are perpendicular to one
another. As a result, the magnitude and spectral distribution of
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Figure 7. (a) AFM topography of a single TIPS-Pn microcrystal with corresponding TA images at wavelengths associated with the (b) '(TT) ESA
and the (c) S, 0 GSB (T =1 ps). (d) Image depicting the relative shift of the S, ; GSB peak as a function of spatial position indicating that the
microcrystal edges are correlated with a spectral redshift of 3—S nm. (e, f) Cross-sectional linecut through the microcrystal along the dashed line in
panels a—c showing the correlation of AFM topography with the observed ESA at 750 nm and GSB at 669 nm. (g) Variation of the relative peak
heights and peak positions of the S, ; and S, ; GSB features displayed through comparison of spectra associated with center and edge regions of the

microcrystal. These spectra correspond to the regions indicated in panel d.

the transient response represents a convolution of two factors:
the initial pump-excitation of singlets from the ground state,
and the subsequent cross-polarized probing of transitions
which lie in a perpendicular orientation. Figure Sc displays the
spectral distribution measured from a single TIPS-Pn micro-
crystal in the limiting conditions in which the probe is oriented
perpendicular (blue) and parallel (red) with the long-axis of
the molecular cores of the microcrystal. Under a perpendicular
orientation, while some ESA from the '(TT) state is present at
longer wavelengths, the probe pulse primarily measures the
GSB of the S, transitions. Conversely, when the probe is
oriented parallel to the long axis of the molecules a strong,
broadband ESA is observed associated with the '(TT) state.
Similar to observations of ESA on pentacene,***
triplet associated ESA peak emerges near 530 nm while a
broadband ESA rises in the NIR for wavelengths greater than
600 nm.

One unique feature of the spectral range of the probe is that
it allows for the simultaneous measurement of energy ranges
associated with S;, GSB and '(TT) ESA. Comparing the
relative ratio of TA signal in spectral ranges associated only
with '(TT) ESA (ie, > 750 nm) with those more directly
associated with S, , GSB (i.e, the GSB of the S, state at 690
nm) allows for a determination of the relative orientation of an
individual microcrystal. Figure 5d displays the variation of the
relative ratio of the TA signal at A = 690 nm and A = 750 nm
with respect to the relative angle of the molecular cores of a
single microcrystal. The limiting angle of 90 deg is here defined
by the maximum relative ratio. On the basis of the projection
of the pump and probe onto the crystallographic orientation,
an interpolative fit of the relative ratio of the TA signal with
respect to the molecular cores within the crystal is further
shown. Provided this relationship between the crystal
orientation and the relative ratio of the TA signal at differing
wavelengths, any individual broadband spectrum can be used

a distinct

to estimate the relative crystallographic orientation of a
particular region or microstructure.

4.2. Broadband TA Imaging via Point-Scanning. By
implementing point-by-point raster scanning across a region of
interest, full images of the variation of the TA response can be
constructed as illustrated in Figure 6. For these measurements,
AFM was first utilized to acquire a high resolution (~10 nm)
surface image of the sample morphology revealing the presence
of three microcrystals with a similar macroscopic orientation.
The AFM probe is subsequently withdrawn, and broadband
spectra are recorded at correlated locations across the sample
to form a TA imageParts b—d of Figure 6 display the TA
response for differing wavelengths corresponding to '(TT)
ESA, the S, GSB, and the S, ; GSB, respectively. While the
AFM topography shows that the microcrystals have a similar
macroscopic orientation, the optical response indicates that the
molecular orientation within the crystal lattice is not identical.
This is apparent from the spatial images as the crystals all
exhibit similar ESA response at longer wavelengths (Figure
6b), but at shorter wavelengths corresponding to the S, , and
S, transitions the lower microcrystal shows a strong GSB
while the upper two crystals exhibit ESA (Figure 6c,d). Using
the relationship between the relative orientation of the crystal
lattice and the GSB/ESA ratio established in Figure Sc, for
each pixel of the TA image we can derive an estimate of the
crystallographic orientation with respect to the pump and
probe polarizations. This mapping is displayed in Figure 6e
and shows that the two crystals in the center of the image have
two differing crystal orientations as depicted by regions I and II
in panels f).

4.3, Spatial Resolution and Correspondence with
AFM-Topography. The diffraction limit and the M?
parameter of the beam profile are typically defined in terms
of a monochromatic wavelength, making definition of the
spatial resolution of the four-wave mixing (FWM) process
generating the TA signal more nuanced. For four-wave mixing
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processes such as TA and 2DES, the signal scales linearly with
the pump and probe intensities. In a confocal imaging
application in which the pinhole is large compared to the
Airy disc, the spatial resolution can be defined in terms of a
spatial point spread function (PSF) as H(r,z) ~ I*(r,z), where
1(r,z) represents the intensity distribution.””” For the 2DWL
microscopy measurements presented here, the broadband
pump and probe each have a unique spectral distribution
(Figure 1c). This nondegeneracy implies that the PSF for the
FWM signal with a given pump/probe wavelength combina-
tion must be a function of both the pump 4, and probe 4,,
wavelengths: H(4,4,,1,2) ~ I(/lp,r,z)-l(/lp,,r,zs. In extending
2DWL microscopy measurements to large bandwidths, it is
necessary to consider wavelength scaling effects on the
resolution. With this in mind, for the NA and pump
wavelengths used here, one would expect the ideal Rayleigh
resolution to vary by approximately +20% from that of the
center wavelength.

In lieu of a direct mapping of the wavelength-dependent
PSF, the intensity distribution of the spectrally integrated
pump and probe can be measured at the sample surface by the
AFM probe. Here, with the AFM probe in contact with the
surface, the focus of the objective is raster scanned parallel with
the surface plane. Using a similar detection mechanism as
photothermal IR characterization,”” by monitoring the
component of the AFM tip deflection with a lock-in detector
operating at the laser repetition rate, the tip deflection
associated with thermal expansion of the surface due to
absorption of the laser pulse can be transduced. Figure 1b
displays such a mapping of the intensity distribution indicating
a fwhm of the focal region of ~1 ym. This expected resolution
is confirmed in practice through observation of the signal
change over sharp topographical features. Figure 7 illustrates
such a change observed for a line trace across the edge of the
single microcrystal. The zoom-in to the upper crystal edge
region (Figure 7f) shows that the rise of both the GSB at 4 =
695 nm and the ESA at A = 750 nm occurs over distances
slightly less than 1 ym. While the edge of the microcrystal is
not sharp enough to act as a direct measurement of the
resolution the absence of TA signal contributions beyond the
crystal edge, in addition to the mapping of the intensity
distribution of the focus (Figure 1b), indicates that the
resolution of the measurement is indeed ~1 pm.

One particular advantage of the implementation of broad-
band spectroscopic detection is that slight variations of the
spectral response can be observed, analyzed, and correlated
with specific topographic features present in the sample
morphology. Figure 7d provides one such example of how
shifts in the relative magnitude and position of the spectral
response can be captured by a broadband measurement. Here,
variation of the amplitude (dot size) and center wavelength of
the S, GSB (dot color) is plotted for every pixel of the TA
image in Figure 7c. While the TA response at single
wavelengths appears relatively homogeneous, analysis of the
broadband spectral response reveals spectral shifts and trends
within the microcrystal. Specifically, in moving from the center
region of the microcrystal to the edge, a relative height change
occurs with spectral weight transferring from the S, to the
S, GSB and a slight red-shift in the vibronic progression
simultaneously occurs. These effects as displayed by the
normalized spectra in Figure 7g were reproducible across
several microcrystals.

4.4, Demonstration of Spatially Resolved 2D-WL
Spectroscopy. As compared to the TA signal, visualization
over both pump and probe spectral dimensions using
multidimensional spectroscopy allows for easier identification
of slight variations in the spectral response. In addition, 2DWL
visualization allows for the observation of electronic couplings
and energy transfer processes via the presence of cross-peaks in
the multidimensional spectrum. The 2DWL spectra displayed
in Figure 8, measured at both the center and the edge region of
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Figure 8. (a, b) 2DWL measurements recorded at the respective
center and edge regions of a single microcrystal (T = 1 ps). (c, d)
Zoom in on the S, /S, cross-peak region, denoted by the dashed
orange box in panels a and b. The cross-peak in this region indicates
the emergence of a spectral shoulder for regions near the edge of the
microcrystal.

a single microcrystal, provide one such example of how
variation of the optical response can be more directly
measured. Here, the 2DWL spectra appear primarily as a
series of peaks and cross-peaks associated with the S,y and S,
GSB.

Comparing the 2DWL spectra at center and edge regions
within the region associated with the S,,/S,, cross-peak, we
note that a clear spectral red-shift and broadening can be
observed for 2DWL spectra measured at the microcrystal edge.
This increased bleach at longer wavelengths reveals the
presence of a higher density of lower energy S, states in
proximity to the microcrystal edge. The presence of these
shallow-energy singlet states correlated with the edge of the
microcrystal was reproducible across several microcrystals and
has important implications with regard to the energy states and
dynamics which govern singlet fission in TIPS-Pn. In general,
this type of site specific 2DWL measurement demonstrates
how microscopic variation of the energy landscape of a
material can be visualized with high resolution and correlated
with sample morphology.

5. CONCLUSION
Through a combination of broadband WL generation, AOM-

based pulse-shaping, atomic force microscopy, and confocal
optical microscopy, we have developed a multimodal 2DWL
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microscopy system capable of performing multidimensional
spectroscopic measurements with high resolution in temporal,
spectral, and spatial dimensions along with hyperspectral TA
images. Here, pulse-shaping on a shot-to-shot basis acts to
limit the acquisition time of a single 2DWL spectra to a few ms
while maximizing the signal-to-noise ratio of the measurement.
While implementation of pulse-shaping allows for precision
control over the relative timing and phase of an ultrafast pulse
sequence, special consideration must be paid to how dispersion
compensation is implemented for AOM-based systems
operating over a broad spectral bandwidth in order to
temporally compress the optical pulse train.

Temporally resolved, broadband confocal microscopy
enables the observation of subtle variations within the
hyperspectral images associated with spectral shifts or the
emergence of weak absorption features that would be
imperceptible to narrowband characterization techniques.
Our demonstration of the microscopic mapping of the
transient spectral response within TIPS-Pn microcrystals
illustrates how simultaneous spectral/spatial mapping of the
ultrafast properties can yield unique information about the
local electronic properties of a material. The observation of a
~5 nm redshift S;, absorption peak in correlation with
microcrystal edges was specifically made possible because of
the broadband spectral distribution available to both the pump
and probe pulses.

By performance of further 2DWL microscopic character-
ization at targeted areas of interest within the microcrystal, the
weak signals present within the TA spectral maps were able to
be more clearly visualized to reveal the presence of absorption
from low-energy singlet states present at the microcrystal
edges. Such measurements demonstrate how multidimensional
characterization with high resolution may be employed to
visualize the relationship between local morphology and
electronic couplings/energy transfer processes.
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