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We describe a new approach that expands the utility of
vibrational sum-frequency generation (VSFG)
spectroscopy using shaped near-infrared (NIR) laser
pulses. We demonstrate that arbitrary pulse shapes can
be specified to match experimental requirements without
the need for changes to the optical alignment. In this way,
narrowband NIR pulses as long as 5.75 ps are readily
generated, with a spectral resolution of about 2.5 cm, an
improvement of approximately a factor of 3 compared to
a typical vSFG system. Moreover, the utility of having
complete control over the NIR pulse characteristics is
demonstrated through nonresonant background
suppression from a metallic substrate by generating an
etalon waveform in the pulse shaper. The flexibility
afforded by switching between arbitrary NIR waveforms
at the sample position with the same instrument
geometry expands the type of samples that can be studied
without extensive modifications to existing apparatuses
or large investments in specialty optics.
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Vibrational sum-frequency generation (vVSFG) spectroscopy has
proven to be an indispensable tool for selectively probing chemical

composition, molecular dynamics, orientation and ordering at
interfaces [1-4]. vSFG instrumentation is typically designed to
study a specific system, such as polymer [5] or
metallic/semiconducting interfaces [6, 7], each with a different set
of technical requirements. A critical consideration in the design
phase of deciding the optimal method to generate narrowband up-
conversion pulses that ultimately dictate the spectral resolution and
impact the line shapes of resolved bands. For example, narrowband
filters or 4f pulse shapers with a slit placed at the Fourier plane can
generate Gaussian-shaped pulses that do not appreciably distort
the spectral line shapes [8, 9]. However, this approach may lack
sufficient sensitivity when probing weak signals from small
molecules on metallic or semiconducting interfaces due to a large
nonresonant background [8, 10]. In contrast, etalons can be used to
generate time-asymmetric pulses for studies of metallic interfaces
to suppress the nonresonant response of the substrate [11, 12]. In
doing so, however, the asymmetric pulse shape can distort the
resulting spectral line shapes, leading to limited spectral resolution
- this is undesired for measuring other systems [9, 10, 13].
Although a significant effort has been put into understanding and
eliminating the effects of the NIR pulse shape on the vSFG spectrum,
there is no “best option,” given the diversity of samples vSFG can
characterize. At the same time, switching between any of these
configurations requires substantial effort.

To address these limitations, we have implemented ultrafast
laser pulse shaping methods, in combination with collinearly
propagating beams to develop a flexible vSFG spectrometer. This
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simplifies optical alignment and adds the flexibility associated with
an arbitrary waveform for upconversion. Thus, having arbitrary
control over the NIR pulse shape enables the ability to disentangle
complex spectra and improve spectral resolution, which can be
applied to a wide range of systems, each with different technical
requirements.

VSFG experiments make use of two intense laser pulses, one in
the mid-infrared (IR) and another in the NIR that are spatially and
temporally overlapped at the sample interface. The broadband mid-
IR pump pulse creates a vibrational coherence in the sample that
oscillates at the difference frequency between the ground and
excited vibrational states. The second, potentially time delayed NIR
laser pulse, is then introduced to create a second-order polarization
in the sample that oscillates at the sum or difference frequencies
between the incident laser fields, thereby generating new
frequencies of light (wspg = wir + wyir). VSFG is a second-order
nonlinear optical process, where the signal intensity is proportional
to the absolute square of the second-order nonlinear effective
susceptibility, x§§2 , of the sample and incident electric field (E,,
Eyr) strengths. The effective second-order nonlinear susceptibility
is the sum of the resonant and nonresonant contributions, and is
given by [10]
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In centrosymmetric and isotropic bulk media, only species at an
interface where local symmetry is broken can generate appreciable
SFG signals, thus making vSFG an interface specific technique and
anideal tool to probe surface chemistry and complex interfaces [10,
14-17]. When IR spectral components are resonant with a
vibrational transition in the sample, vSFG is enhanced and thereby
serves to map the interfacial spectrum. Broadband vSFG is
particularly advantageous and is becoming more common,
compared to the traditional point-by-point narrowband frequency
scanning technique, due to the speed of data acquisition [9, 12, 16].
However, the faster data acquisition of the broadband method
typically comes at the expense of spectral resolution, which is
dictated by the spectral characteristics of the upconverting NIR
laser pulse. In fact, all but the most specialized SFG spectrometers
[10] commonly reach spectral bandwidths on the order of ~10-15
cml, corresponding to laser pulses of ~1-2 ps [8, 10]. These pulses
typically have a Gaussian profile in time, which generates
substantial contributions from the nonresonant response of
metallic substrates. This is often problematic, as the large non-
resonant background signals tend to dominate the vSFG spectrum
over molecular resonances [18]. It should be pointed out that
nonresonant background suppression methods have been
developed by Dlott and coworkers [19] to circumvent this issue at
the expense of spectral resolution and added complexity to the line
shapes of the observed bands [8]. Switching between
configurations, however, is not trivial, as the alignment of SFG
spectrometers is notoriously challenging, and the associated
changes to the instrument’s geometry often require the need to re-
characterize the instrument [9, 12, 16].

In order to address the above-mentioned challenges, we
demonstrate a novel approach utilizing a convenient collinear
geometry recently developed by Rao and coworkers [16], in
conjunction with ultrafast pulse shaping used for two-dimensional
(2D) spectroscopy [20, 21]. The collinear geometry is advantageous
for alignment and signal generation, since it provides the maximum

spatial overlap and allows for easy tuning of IR wavelengths
without realignment of the collection optics [16, 22, 23]. The
uniqueness of this instrument lies in the NIR pulse shaping
capability, which uses a 4f pulse shaper equipped with a 2D liquid
crystal on silicon spatial light modulator (LCOS-SLM) in a compact
folded geometry. This combination controls the spectral
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Fig. 1. Instrument schematic. IR and NIR beams are combined in
a collinear geometry using a dichroic optic. Radiated SFG is
collected and resolved in a spectrometer. The blue dotted inset
shows the compact zero-dispersion 4f pulse shaper. The green
inset shows an applied mask for given slit width.

components of the NIR pulse and generates the desired NIR optical
waveforms for upconversion in VSFG measurements. The
advantage of using a 2D SLM lies in the simultaneous modulation of
amplitude and phase on a single element system, and lower overall
cost (at the time publication, the total cost of the shaper and SLM is
~$16 k) compared to multi-mask SLMs or AOMs. With this
instrument, arbitrary pulse trains, time delays, and time-
asymmetric and reverse time-asymmetric pulses can be tailored for
specific experiments via a simple computer-controlled interface.
This new vSFG instrument allows for one system to carry out a
range of different measurements without the need to reconfigure or
recalibrate.

The instrument schematic is presented in Fig. 1. Briefly, a
regenerative amplifier (Spectra Physics Spitfire Ace) was used to
amplify the output of a femtosecond Ti:Sapphire oscillator (Mai-
Tai) laser operating at 80 MHz and centered at 800 nm to produce
6 W at 1 kHz with ~40 fs pulse duration. Using a fixed ratio beam
splitter, approximately 3.4 W of the output from the laser was sent
to a TOPAS-Prime Plus optical parametric amplifier and difference
frequency mixer to produce a broadband IR pump pulse. The mid-
IR pulse had a spectral bandwidth of ~300 cm full width at half-
maximum (FWHM) and was centered at ~2900 cm?™. The
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Fig. 2. Cross-correlation of IR and NIR to measure pulse
duration. Symbolic data points are the measured data, and the
line traces are Gaussian fits. The measured bandwidths of 4.06,
8.27, and 26.04 cm! yielded 5.75, 2.67, and 0.55 ps NIR pulses,
respectively. The inset shows the theoretical transform-limited
bandwidth calculated from the measured pulse duration.



remaining 800 nm pulse energy was split such that ~1.2 W was
directed into the 4f pulse shaper shown in the inset of Fig. 1. The
pulse shaper is based on a previous design [20] and consists of a
high-efficiency transmission grating, folding mirror, and a
cylindrical mirror that focuses light onto a Hamamatsu (LCOS-SLM
X10468-02) SLM. Both IR and NIR beams were sent through fixed
polarizers and a motorized half-wave plate to purify and rotate the
polarizations for the SFG measurements before being combined in
a dichroic optic to achieve collinear propagation. Both IR and NIR
beams are focused on to a motorized sample stage using a CaF: lens
(f=150 mm) at an angle of 60° with respect to the surface normal.
The radiated SFG signal was collected and re-collimated by a 150
mm focal length air-spaced achromatic doublet, polarization
resolved, and filtered by a 750 nm short-pass filter before being
focused into an Acton sp300i spectrometer equipped with a Pixis
256 CCD camera. In-house developed control software (using
LabVIEW) was used to control the SLM and data acquisition, and
data analysis was performed offline using Python scripts.

In order to demonstrate the utility of NIR pulse shaping in SFG
measurements, we make use of diffraction-based modulation to
reproducibly control the spectral bandwidth of the NIR light. In this
configuration, a grating is applied across each pixel column of the
SLM (see the inset in Fig. 1) to diffract the light at an angle below the
incident beam path. This serves two purposes: (1) it ensures that
only shaped light reaches the sample (i.e, reflected unshaped light
does not co-propagate with shaped light, which would lead to
complex pulse trains at the sample surface); and (2) that
aberrations in the compact design of the 4f pulse shaper are
minimized by not having to tilt the SLM (i.e, all pixels in the 2D SLM
would not be in the Fourier plane), while still allowing for light to
reflect off a nearby pickoff mirror [21, 24, 25, 26]. Since only light
diffracted from the grating reaches the sample, application of a
narrowband slit is simply controlled by changing the number of
pixels to which the grating pattern is applied. For more advanced
pulse shapes, phase and amplitude shaping is accomplished by
adding additional phase across the horizontal dimension of the SLM
or changing the depth of the grating pattern along the vertical
dimension, respectively. This approach is different from other
implementations of phase and amplitude shaping, namely using a
single mask where the diffraction is applied in the same dimension
as the phase [26].

NIR pulse durations were measured by cross-correlation
measurements between the shaped NIR and a femtosecond
broadband mid-IR pulse on a GaAs surface. Using a delay stage, the
NIR beam was scanned over the mid-IR to produce the time traces
shown in Fig. 2, where the integrated SFG signal is plotted versus
time delay. An adjustable slit width was created on the SLM by
applying the grating on an arbitrary number of pixels. Using slit
widths of 1, 3, and 12 pixels, with measured spectral bandwidths of
4.06,8.27, and 26.04 cm, respectively, we can produce 5.75, 2.67,
and 0.55 ps pulses (FWHM) at the sample. From the measured
pulse duration, we further calculated the transform-limited FWHM
bandwidths of 2.50, 546, and 26.51 cm?, respectively. This
translates to a higher NIR spectral resolution limit of 2.5 cm™, which
is roughly three times better than other more common SFG
spectrometers [6, 9, 10].

The impact of the NIR spectral bandwidth was examined using a
sodium dodecyl sulfate film deposited on a CaF2 window, as shown
in Fig. 3. All spectra were normalized to counts per second and
subsequently rescaled by 1, 2.5, and 7 to provide a better visual
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Fig. 3. SFG spectra of an air-dried SDS solution on a CaF, window using

the SSP polarization combination. These spectra were collected using
slitwidths of 6, 8,12, and 20 pixels of the SLM, corresponding to the NIR
pulse bandwidths of 16.7,25.12,and 42.05 cm’, respectively. Similarly,
a DPPC monolayer (3b) was probed using 15.6, 7.8, and 3.1 cm NIR
bandwidths.

comparison for the 42.05, 25.10, and 16.69 cm? bandwidths,
respectively. The data in Fig. 3 show that by using NIR pulse
shaping, one can precisely and reproducibly control the spectral
bandwidth of NIR pulses to achieve adequate spectral resolution
needed for distinguishing neighboring bands. Specifically, the use
of a 16.7 cm bandwidth NIR pulse allows for the five different
symmetric and asymmetric C-H stretches [indicated by the vertical
dashed lines in Fig. 3(a)] to be resolved, a result that is in good
agreement with previous reports using similar spectral bandwidths
[15]. Even higher resolution spectra can be obtained using the
smaller slit widths available to the SLM. This is shown in in Fig. 3(b)
from a dipalmitoylphosphatidylcholine (DPPC) lipid monolayers on
quartz. Here clear bands can be seen using a NIR upconversion
pulse with a 3.1 cm? bandwidth.

Another appealing aspect in using NIR pulse shaping is that the
simultaneous control of the amplitude and phase of the incident
light allows for the creation of time-asymmetric pulses, such as
those obtained with an etalon. In this case, a more complex transfer
function needs to be applied to the SLM [27]:
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where R is the effective reflectivity of the simulated etalon, d is the
distance between faces, and 6 s the effective angle the etalon would
take with respect to the incident laser. By tuning these parameters,
we can specify an arbitrary etalon that is tailored to have better
resolving power or, alternatively, one that has better throughput to
suit the needs of the experiment. In accordance with Eq. (2), the
amplitude is shaped by changing the depth of the applied diffraction
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Fig. 4. Time-asymmetric waveforms (symbolic data points)
determined from the cross-correlation measurement of IR and
modulated NIR pulses. The line traces are fits to exponential decay
functions. Three different reflectance values, 0.98(<>), 0.99(@), and

0.999(0), were used to generate these waveforms, while all other
amplitude and phase modulations were held constant.
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Fig. 5. SFG spectrum of sugar on Au using the PPP polarization
combination. Spectra were scaled by the reference collected at t=0
with a symmetric pulse. Various delay times were applied with the
SLM between the time-asymmetric NIR and IR pulse to suppress
the nonresonant background signal. A longer delay time recovers the
spectral feature of sucrose.

pattern, while a variable phase is applied along the horizontal,
frequency axis of the SLM. The synthesized time-asymmetric pulses
were measured using cross-correlation with the mid-IR pulse on a
GaAs sample, while changing the effective etalon reflectivity. The
resulting signals are shown in Fig. 4 and were fit to a single
exponential to recover a decay time. Decay times as long as 2.11 ps
were recovered using a reflectance of 0.999. This corresponds to a
measured spectral width on the order of ~3.8 cm! for SFG
measurements. It should be noted that as the effective reflectance
increases, the spectral bandwidth available for phase shaping
decreases, and the resulting pulse shapes become more symmetric.
Other results, not shown here due to space limitations, include the
use of double pulses, inverted etalon waveforms, and other complex
pulse trains.

To demonstrate the utility of switching between symmetric and
time-asymmetric pulses, we recovered the SFG spectrum of drop
cast table sugar by suppressing the nonresonant background from
a gold substrate, as shown in Fig. 5. The PPP polarization
combination was used in this measurement to maximize the
nonresonant contribution from the supporting substrate. A
temporally symmetric pulse was used to map the IR spectral
components, as is typical in SFG measurements for spectral scaling.
This ensures that the spectral shapes recovered from the IR pulse
used as a reference are free from artifacts. Next, by simply
programming a new mask on the SLM, time-asymmetric NIR pulses
(R=10.999) were generated with the pulse shaper and delayed with
respect to the IR pulse via the application of an additional linear
phase to the etalon transfer function given in Eq. (2). By delaying
the arrival of the time-asymmetric pulse with respect to the IR pulse
we can suppress the nonresonant response of gold that dephases
on a sub-50 fs timescale [11]. This leaves the longer-lived
vibrational coherences that decay on the order of a few picosecond
timescales to be upconverted by the shaped NIR pulse. This
approach results in an efficient, nonresonant background
suppression, while ensuring that the spectral characteristics are
representative of the IR pulse. We also found that in order to
discriminate against the short-lived electronic responses from Au,
delays between the two pulses on the order of 250-500 fs were
optimal, which in agreement with previous work [12, 19].

In conclusion, we described a flexible SFG spectrometer
integrating a 2D LCOS-SLM at the Fourier plane of a compact 4f
pulse shaper to generate user-defined NIR optical pulses. Precise
control of the NIR waveform was shown to enhance the capabilities
of interface specific vSFG measurements by facile tailoring of the

experimental properties to fit with sample requirements. We also
showed that control of the NIR pulse shape resulted in a
significantly improved spectral resolution of ~2.5 cm, which is
roughly three times better than that of standard SFG spectrometers.
Using the same experimental setup, nonresonant background
suppression from metallic surfaces was also achieved by
synthesizing an etalon pulse shape. Additionally, this spectrometer
can also produce pulse trains, variable time delays, double pulses,
and forward and reverse time-asymmetric NIR pulses. This unique
approach of manipulating the NIR upconversion light without the
need for optical realignment will certainly broaden the applicability
of the vSFG technique for the study of different materials.
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