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ABSTRACT: Imaging excited-state dynamics in complex
materials provides an important avenue for understanding
the role played by micro- and nanoscale structural and
compositional heterogeneity in the performance of active
electronic and optoelectronic devices. Here, we develop
structured pump−probe microscopy (SPPM), a subdiffrac-
tion-limited, time-resolved microscopy that incorporates a
focused diffraction-limited probe field together with a spatially
modulated pump excitation field. We apply the technique to
study free carrier dynamics in silicon nanowires, demonstrating
far-field ultrafast time-resolved spectroscopy with a 114 nm
point-spread function while remaining in the perturbative
excitation regime. We predict SPPM will provide an accessible approach for characterizing the ultrafast dynamics of
subwavelength regions in complex materials systems.
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Pump−probe microscopy is a powerful tool for studying
nonequilibrium dynamics in a variety of complex materials

systems including nanostructures, low-dimensional semicon-
ductors, and material interfaces. The simultaneous submicrom-
eter spatial resolution and femtosecond temporal resolution
enabled by the technique provides detailed, structurally
correlated insights into intraparticle heterogeneity,1−3 free
carrier transport,4−6 surface plasmon propagation,7 and unique
interfacial states,8−11 which are inaccessible with conventional
spectroscopies or microscopies. However, like all diffraction-
limited optical techniques, the spatial resolution of pump−
probe microscopy is restricted to probe areas greater than ∼200
nm.
Imaging at length scales smaller than 200 nm requires

approaches that circumvent the limits of lens-based diffractive
microscopes. While a number of fluorescence-based micros-
copies,12−18 electron microscopies (SEM and TEM19), and
atomic force microscopy (AFM20) substantially improve spatial
resolution, these techniques provide little or no dynamical
information. To interrogate transient dynamics on subdif-
fraction-limited length scales, several approaches have been
employed. Tip-enhanced techniques that couple ultrafast laser
pulses together with a subwavelength scanning probe can
resolve ultrafast dynamics on length scales far below the
diffraction limit.21,22 While highly promising, these measure-
ments are complicated by a large far-field background that must
be discriminated from the desired tip-localized signal and by
perturbations introduced by system−probe tip coupling, which
can affect the observed material dynamics. Far-field approaches
are experimentally simpler and can provide insight into
electronic environments isolated from the surface.23 A

pump−probe analog to stimulated emission depletion micros-
copy (STED) was recently reported, in which a third shaped
laser pulse temporally spaced between the pump and probe
pulses saturates an annular region surrounding the central
excitation spot.24 While this approach narrows the effective
point-spread function of the microscope, the third intense
saturation pulse can cause photobleaching and highly nonlinear
light−matter interactions, which may be problematic for both
imaging and spectroscopic applications. A similar approach
utilizes differential transient absorption in place of saturable
absorption, retaining the use of a third pump pulse in order to
confine the dimensions of the pump−probe response in both
linear and nonlinear regimes.25

Here we develop structured pump−probe microscopy
(SPPM), which employs a modulated pump excitation field
to provide ultrafast spectroscopic measurements of subdif-
fraction-limited sample areas. As a demonstration of our
approach, we utilize SPPM to characterize free carrier dynamics
in silicon nanowires (NWs) and show the technique can
achieve an effective point-spread function (PSF) with ∼114 nm
full width at half-maximum (fwhm). These results suggest
conventional far-field optics, in conjunction with spatial pulse
shaping, may provide an experimentally accessible approach for
interrogating dynamics of complex materials systems with sub-
100 nm spatial resolution.
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■ STRUCTURED PUMP−PROBE IMAGING AND
SPECTROSCOPY

To achieve the improved PSF of SPPM, we use a computer-
programmable digital micromirror device (DMD) encoded
with a fringe pattern to create a sinusoidally modulated pump
field at the focus of the microscope objective (0.9 NA). A
diffraction-limited probe pulse is spatially overlapped with the
pump field, and the NW sample is raster scanned to produce a
pump−probe image at a well-defined delay time, Δt. Because
the induced polarization of the sample depends on the product
of the pump intensity and the probe field, the effective pump−
probe excitation field is spatially modulated. By combining
images collected with three different pump pattern phases
(details below), the spatial modulation in the images provides
access to additional high (spatial)-frequency information that is
inaccessible with conventional approaches.
Figure 1 presents the enhanced imaging capability provided

by SPPM. Panel A shows a field emission micrograph of a 100
nm diameter silicon nanowire (NW1) deposited on a quartz
substrate. A diffraction-limited pump−probe image of the same

NW is shown in panel B. To collect the image, the λ = 400 nm
pump and λ = 585 nm probe beams were spatially overlapped
at the sample plane and the NW was raster scanned with a
piezoelectric translation stage. The spatial resolution of the
image in this modality is determined by the product of
overlapping pump and probe spot sizes. Panel C shows the
SPPM image of the same NW. In this image, the PSF is
improved by nearly a factor of 2 relative to conventional
pump−probe imaging. The improvement can be more clearly
seen in a comparison of the diffraction-limited and SPPM
profiles plotted in panel D; whereas the conventional approach
produces a fwhm of 223 nm, the SPPM image has a line width
of 114 nm. Note that due to the low diffraction efficiency of the
DMD at 400 nm, our optical apparatus limits the improved PSF
to the y-axis only. However, isotropic enhancement can be
readily achieved by implementing a two-dimensional pump
modulation scheme and performing a multidimensional image
reconstruction.
Figure 2 presents a second comparison of diffraction-limited

and SPPM approaches. Panels A, B, and C of Figure 2 show

Figure 1. Comparison of diffraction-limited and structured pump−probe microscopy. (A) Field emission electron micrograph of a 100 nm diameter
silicon nanowire. (B) Diffraction-limited pump−probe image of the NW in panel A at Δt = 0 ps. (C) SPPM image achieved through reconstruction.
(D) Line width comparison at positions indicated by the arrows in the two pump−probe images. Black, diffraction limited; red, SPPM.

Figure 2. SPPM spatial resolution enhancement and subdiffraction limit spectroscopic characterization. (A) Field emission micrograph of a single
140 nm silicon nanowire. (B) SPPM image with enhanced resolution along the y-axis. (C) Diffraction-limited pump−probe image of the nanowire in
panel A taken at Δt = 0 ps. (D) Line-shape comparisons of diffraction-limited pump−probe (red) and SPPM images (blue) of panels B and C taken
from location indicated by a dashed line in each panel. Also shown is the profile taken from the SEM (black, dashed). (E) Transient kinetics
collected from image region spanned by the dashed lines in panels B and C. Traces 1 (red) and 2 (green) were collected with enhanced spatial
resolution and show the NW has different recombination kinetics along its length. Trace 3 (black) represents kinetics collected using standard
diffraction-limited pump−probe microscopy. The diffraction-limited kinetics average over the dynamics of both NW regions.
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field emission microscopy (FEM), diffraction-limited, and
SPPM images, respectively, of a single Si NW that is bent in
a hairpin geometry. Comparison of the images in panels B and
C shows that, in contrast to conventional pump−probe
microscopy, SPPM is capable of resolving the two regions of
the NW in close proximity. The increase in spatial resolution
can be more clearly seen in panel D, where profiles of the two
images taken from the locations indicated by the dashed lines
are shown together with a profile taken from the FEM.
Simulated line shapes shown in Supporting Information
confirm this finding, revealing that diffraction-limited pump−
probe microscopy does not resolve two NWs spaced 250 nm
apart (Figure S1). In contrast, the simulated SPPM line shapes
show a clear modulation of signal intensity between the two
features, as we observe experimentally. We note that both
diffraction-limited pump−probe and SPPM imaging show
anomalous behavior when the NW is within ∼200 nm of itself
(see region to the left of the dashed line in panels B and C).
These effects, which manifest as a change in signal sign, likely
arise from optical system aberrations and interference of the
field radiating from two image regions; however a detailed
understanding requires further investigation.
While the increased imaging resolution represents an

improvement over the diffraction limit, it is the ability to
acquire ultrafast spectroscopic information from a subdiffrac-
tion-limited volume that makes SPPM particularly valuable for
characterizing complex materials systems. Panel E shows a
comparison of the kinetics collected with the enhanced
resolution and diffraction-limited approaches. Within the
context of the imaging modality discussed above, an SPPM
kinetics trace can be understood as a single-pixel image,
collected at multiple delay times, Δt. Three individual kinetics
traces are collected with shifted pump field patterns and
combined to produce the SPPM kinetics trace that reports on
the dynamics of a subdiffraction-limited sample volume.
Photoexcitation of silicon nanowires at 400 nm is known to
produce free charge carriers, which primarily decay through
surface recombination.26 The SPPM kinetics traces in Figure 2
are consistent with this mechanism and show the two regions of
the NW have slightly different surface recombination velocities
of 3.8 × 104 cm/s (1) and 8.8 × 104 cm/s (2).27 In contrast, the
diffraction-limited measurement shows a surface recombination
velocity of 6.5 × 104 cm/s (3), a value that reflects a weighted
average of the individual NW recombination velocities.
While a full theoretical treatment is beyond the scope of this

Letter, we briefly describe the imaging theory for diffraction-
limited pump−probe microscopy and SPPM below.

■ DIFFRACTION-LIMITED PUMP−PROBE
MICROSCOPY

At the focus of a diffraction-limited pump−probe microscope,
the homodyne-detected signal is proportional to the product of
the probe field with the sample’s nonlinear polarization.28,29 As
such, the diffraction-limited pump−probe image can be
expressed as the convolution of the object function (o(r))
with the electric field components (E1, E2), each convolved
with its respective coherent PSF, h1(r) (pump) or, h2(r)
(probe):
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The object function contains the spatial distribution of the
imaged object, as well as its third-order nonlinear susceptibility.
The Fourier transform of eq 1 yields the conjugate space
description of the diffraction-limited image:

̃ = ̃ · ̃ ⊗ ̃ ⊗ ̃ ⊗ ̃I k O k H H H H( ) ( ) ( )DL 1 1 2 2 (2)

We use capital letters to indicate the conjugate of a Fourier
transform pair. Equation 2 describes the conjugate image,
̃I k( )DL , as the product of the object spectrum, Õ k( ), and the
convolution of the coherent optical transfer functions (OTFs),
H̃ k( )n . The coherent OTFs for the pump and probe are
determined by the imaging system and, in the absence of
optical aberrations, act as perfect cutoff filters, whereby all
frequency components within the passband are transmitted
unaltered, and all others are completely attenuated. The
convolution of OTFs in eq 2 defines an effective low-pass
filter, which attenuates the high-frequency components (of
Õ k( )) passing through the imaging system. Thus, the extent of
high-frequency attenuation by the OTFs defines the ultimate
spatial resolution of the imaging system: the more high-
frequency information is transmitted, the better the spatial
resolution of the image.

■ STRUCTURED PUMP−PROBE MICROSCOPY
To provide the enhanced resolution imaging and spectroscopy
capabilities of SPPM, we use a sinusoidally modulated pump
field rather than the diffraction-limited fields of eq 1. The ±1
diffraction orders produced from the DMD are selected with a
spatial mask and directed toward the back aperture of the
microscope objective. These mutually coherent beams are
imaged onto the sample plane to produce a sinusoidally
modulated fringe pattern, which arises from interference
between the two orders propagating along the +kr and −kr
directions. The probe beam is then spatially overlapped with
the pump pattern, and the sample is raster scanned to produce
an image. The structured pump−probe image collected under
these excitation conditions is
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Here we have assumed that the frequency components (at
±kr) lie within the passband of the imaging system and are
therefore transmitted to the sample plane unaltered. The
Fourier transform of eq 3 is the conjugate space description of
the structured pump−probe image:
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which can be rewritten as
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with ̃ ′ = ̃ ⊗ ̃H H H2 2 2.
The sinusoidal pump intensity and phase are controlled by

encoding a pattern on the DMD positioned at an image plane
of the microscope. Figure 3A shows one such pattern, which is

composed of a periodic array of 6 “on” and 6 “off” pixels. The
corresponding pump intensity as recorded by a camera placed
at a second image plane of the microscope is shown in panel B.
Panel C shows a phase-shifted DMD pattern with φ = π/2. In
this case, the corresponding pump field intensity (panel D) is
spatially shifted by π relative to that in panel B. The factor of 2
difference stems from the coherent interference of the two
counter-propagating pump fields (note the factors of 2 in the
cosine term in eq 3).
To generate enhanced resolution images like panel C of

Figure 1, three images, Istr(r; φ), are collected for three unique
pump phases, 0 ≤ φ < π. The phase shift of the pump pattern

causes variation in the spatial profile of the pump−probe
overlap region as the relative orientation of the focused probe
beam and the modulated pump pattern changes. This effect is
illustrated in Figure 4, where structured pump−probe images at
Δt = 0 ps are shown for DMD phases of φ = 0 (panel A) and
φ = π

2
(panel B). In panel A, the minimum of the pump

intensity is roughly centered in the probe spot, whereas a
maximum is centered for panel B. Panel C of Figure 4 shows
profiles of the two images in the locations indicated by the
dashed lines.
Reconstruction of the enhanced resolution image proceeds

by solving the linear system of equations defined by the three
images collected with different phases {φ1, φ2, φ3} and isolating
the three components of eq 5 centered at 2kr, 0, −2kr.30−32 The
processed enhanced-resolution image in conjugate space is then
given by

̃ = ̃ · ̃ ′ − + ̃ ′ + ̃ ′ +I k O k H k k H k H k k( ) ( ) ( ( 2 ) ( ) ( 2 ))x xSPPM 2 2 2
(6)

Comparison between eq 6 and eq 2 shows that the
diffraction-limited and SPPM images have a similar form, in
which the conjugate space object function, Õ k( ), is filtered by
an effective OTF. The functional form of the OTF differs
between the two images; however provided the term in
parentheses in eq 6 transmits more high frequency information,
ISPPM(r) will have better spatial resolution. A comparison of
diffraction-limited and SPPM conjugate space images is shown
in Figure S2.
In summary, we have developed far-field, subdiffraction-

limited pump−probe microscopy utilizing a spatially structured
pump excitation field. The point-spread function of SPPM is
smaller than the diffraction limit by nearly a factor of 2. The
enhanced spatial resolution achieved by the technique provides
a facile approach for interrogating transient dynamics of
interfaces, nanostructures, and nanoscale domains in complex
materials with substantially greater precision. While we report
imaging line widths of 114 nm fwhm, a higher numerical
aperture objective (NA 1.4) may enable further improved
spatial resolution, substantially broadening the scope of far-field
transient microscopy for characterizing complex materials and
biological systems.

■ METHODS
A schematic of our home-built pump−probe microscope is
presented in Figure 5. A portion of the output from a
femtosecond Ti:sapphire oscillator (Spectra Physics MaiTai:

Figure 3. Phase variation of the DMD-generated modulated pump
pattern. (A, C) Mirror positions (green, “on”; black, “off”) encoded on
the DMD to produce the pump intensity modulation. Panels A and C
have a π/2 relative phase shift. (B) Camera image of the 0 phase offset
modulation pattern. (D) Camera image of the π/2 phase shifted
pattern. The camera images have a relative phase shift of π due to
interference of the two first-order diffractions.

Figure 4. Pump−probe images of silicon nanowires with structure pump excitation. (A) Probe spot centered on a minimum of the modulated pump
pattern. (B) Probe spot centered over the top of an individual pump peak. The insets in panels A and B illustrate the effective excitation field in their
respective panels. Panel C shows the intensity profile of both images with slices taken at the red and black dashed lines in panels A and B,
respectively.
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800 nm, 79 MHz, 90 fs fwhm) is split to produce pump and
probe paths. The pump line is coupled into an acoustooptic
modulator before frequency doubling in a β-barium borate
crystal to produce 400 nm excitation pulses (23 pJ/pulse). The
pump beam is directed toward the DMD (Texas Instruments
DLP Lightcrafter) to produce ±1 diffraction orders, which are
collected with a tube lens (L1). The DMD produces many
diffraction orders, which must be optically masked before the
desired orders are coupled into the objective near the edge of
the back aperture. The probe is derived from a photonic crystal
fiber, which produces a broadband supercontinuum spanning
500 to 1200 nm. The continuum is passed through an
interference filter (585 ± 5 nm), directed onto a computer-
controlled delay stage, and coupled onto galvometer-mounted
mirrors and a 4-f lens (200 mm) system to direct the beam to
the objective. Pump and probe beams are coupled collinearly
into the back aperture of a 100× apochromatic microscope
objective (0.9 NA) with a dichroic beamsplitter. The focused
probe spot is 340 nm fwhm at the sample position with a
fluence of 0.9 mJ/cm2. The sample is held on a piezoelectric X-
Y stage at the focal point of the objective. The retroreflected
probe is picked off with a 50/50 beamsplitter and directed onto
one channel of a balanced photodetector. The delay-dependent
change in probe reflectivity is measured with a digital lock-in
amplifier (Stanford Research SR 844) phase locked to the
pump modulation frequency (100 kHz). While acquisition time
varies with the number of pixels in the image, the diffraction-
limited pump−probe images shown in Figures 1 and 2 required
approximately 1 min each to collect. SPPM images require
acquisition times that are approximately 3 times longer, as
multiple pump phases are required to reconstruct the image.
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