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Understanding nanoscale electron and phonon transport is critical for the development of next-
generation semiconductor technologies, where deviations from macroscopic behaviors can either limit
or enhance device performance. While transient gratings generated by the interference of visible lasers
can directly excite microscopic, nonequilibrium charge and heat distributions in metals and traditional
semiconductors, extending this noncontact approach to ultrawide-bandgap materials involves added com-
plexities. To address these challenges, here we introduce a tabletop deep-ultraviolet (DUV; 6.3 eV)
transient grating setup, and show that it supports sub-300 nm spatial and subpicosecond temporal res-
olution. As an initial demonstration, we excite and probe gigahertz surface acoustic waves in thin gold
films. We then perform DUV transient grating measurements of nanoscale carrier transport in diamond
and discuss the carrier concentration-dependent diffusion coefficient. This DUV transient grating capa-
bility provides a versatile, noncontact tool for investigating transport at length scales below the visible
diffraction limit and in wide-bandgap materials, and bridges the gap between visible and facility-scale
extreme-ultraviolet transient grating capabilities.
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I. INTRODUCTION

Characterization of dynamic physical processes critical
for a host of technologies has long been a key application
of pulsed laser light. Laser-based characterization tech-
niques are frequently used as nondestructive, non-contact
probes of the optical, electrical, mechanical, thermal, mag-
netic, structural, and chemical properties of materials. In
particular, the transient grating (TG) technique is a pow-
erful and versatile laser-based characterization tool that,
over the past half-century, has investigated thermophysi-
cal properties [1–3], charge transport [4,5], spin dynamics
[6], interfacial properties [7], residual stress [8], structural
[9], acoustic waves [10,11], and a host of other dynamical
behaviors [12–14] in a variety of materials including met-
als, semiconductors, dielectrics, and polymers in addition
to the physical properties of liquids [15,16] and the chem-
ical composition and temperature of gases [17]. The TG
technique consists of two excitation “pump” laser pulses
that interfere to create a microscopic sinusoidal excitation
pattern in a sample, generating nonequilibrium conditions

*Contact author: emne4121@colorado.edu

that relax through various dynamical processes [14,18,19].
Then, by monitoring diffracted light from a time-delayed
“probe” beam, the dynamic relaxation to equilibrium can
be tracked in order to extract physical properties or under-
stand fundamental transport mechanisms.

Traditional TG experiments utilize infrared or visible
laser light, due to the prevalence of commercial lasers
at these wavelengths. Such visible-based TG experiments
can access nanoscale electron and phonon transport in
relatively small bandgap semiconductors, including two-
dimensional (2D) materials such as MoS2, with pump
spatial periods above 500 nm [20,21]. However, this lim-
its the materials that can be studied and the accessible
length scales. Future power electronics and high-frequency
communication and computational devices rely on the inte-
gration of both 2D and 3D wide- and ultrawide-bandgap
materials, such as diamond or nitrides, rather than sili-
con, due to their favorable material properties including
high electric field breakdown strength [22,23]. The limited
understanding of nonequilibrium charge and heat trans-
port processes in these materials, especially at the length
scales present in current electronic devices, represents a
key barrier to their use in applications; for example, the
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unpredictable emergence of hot spots and residual heat
and charge losses dramatically affects device performance
and lifetime. Therefore, the ability to measure and pre-
dict the electronic, thermal, and mechanical performance
of ultrawide-bandgap semiconductors by direct excita-
tion is crucial for envisioning next-generation devices
[23,24]. In pioneering work, Malinauskas et al. harnessed
deep-ultraviolet (DUV) light in a TG geometry to mea-
sure carrier diffusion in diamond, an ultrawide-bandgap
material, and demonstrated micrometer-scale periods with
∼25 ps time resolution [5]. At facility-scale sources, TG
experiments have been extended to the extreme ultravio-
let (EUV) and X-ray range, reaching periods on tens of
nanometer length scales [25–27].

In this work, we introduce a new, tabletop DUV TG
technique to bridge the gap between micrometer-scale vis-
ible approaches and deep-nanoscale facility-scale exper-
iments. The intermediate 197-nm, 6.3-eV DUV photon
energy and subpicosecond pulse duration enable the inves-
tigation of carrier dynamics at length scales ranging from
micrometers to below 300 nm in ultrawide-bandgap mate-
rials, a record for a tabletop setup. The ability to perform
these experiments on a tabletop will allow for the inves-
tigation of a wider variety of materials at more length
scales than have been studied previously in other TG
experiments. To demonstrate and validate this new capa-
bility, we characterize surface acoustic waves (SAWs) in
gold thin films and extract, with remarkable precision,

the material properties of both the film and the substrate,
that agree with reference values. We then probe nanoscale
electron transport in diamond and investigate the carrier
density dependence of the diffusive process. The flexibil-
ity and accessibility of the DUV TG experiment enable
tabletop, noncontact measurements of electron transport,
phonon transport, and mechanical properties in nanoscale
ultrawide-bandgap systems previously only accessible via
complex sample preparation or at large facilities.

II. EXPERIMENTAL SETUP

The DUV light used in the TG experiment is the fourth
harmonic of a 50-fs, 1-kHz Ti:sapphire laser amplifier sys-
tem (see Supplemental Material Fig. 1 [28]). Upconversion
of the ∼800 nm fundamental wavelength occurs via sec-
ond harmonic and sum frequency generation in three beta
barium borate (BBO) crystals. When generating the third
harmonic (ω + 2ω → 3ω), it is possible to achieve type I
phase matching and temporal overlap in a collinear geom-
etry, whereas the fourth harmonic generation (ω + 3ω →
4ω) requires the noncollinear geometry detailed in Sup-
plemental Material section I and Refs. [28–30]. Due to
phase matching conditions, it is not possible to generate
DUV light below 205 nm by direct frequency doubling
the second harmonic [31], which is why sum frequency
generation is necessary for fourth harmonic generation of
<200 nm light. The efficiency of the full up-conversion
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FIG. 1. DUV TG experiment. (a) The DUV light is the fourth harmonic of an ∼800-nm, 50-fs, 1-kHz Ti:sapphire amplifier (note
that the second and third harmonic generation steps are not shown). A diffractive optic creates two DUV beams, which are focused and
interfered on the sample surface using a 4f imaging system to generate a microscopic sinusoidal excitation profile. (b) Atomic force
microscopy measurement of a 287-nm DUV interference pattern imprinted in a PMMA film. (c) DUV spectrum centered at 197-nm
wavelength. (d) Correlation of the DUV (4ω) and fundamental (ω) pulses obtained by observing the intensity of third harmonic (3ω)
produced by difference frequency generation in an additional BBO crystal as a function of temporal delay. (e) Time-delayed probe
diffraction signal from a TG of 287-nm period on a single-crystal diamond substrate.
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process is slightly less than 1%, or roughly 20% at each
of the three BBO crystals. The resulting DUV light has
a pulse duration below 285 fs and a spectrum centered
at 197 nm, as shown in Figs. 1(c) and 1(d). We estimate
the pulse duration using a difference frequency generation
process, 4ω − ω → 3ω in an additional BBO crystal. The
intensity in Fig. 1(d) is that of the generated third harmonic
as a function of the temporal delay between the DUV and
fundamental inputs. The full width at half maximum of a
Gaussian fit to this correlation profile is 285 fs, roughly
corresponding to the convolution of the DUV pulse with
the ∼50 fs fundamental pulse duration. This measurement
lacks the frequency resolution necessary for a more precise
characterization [32] and also does not account for disper-
sion in the diffraction grating and lenses used to produce
the TG excitation. We observe an increase of approxi-
mately 50 fs in the full width at half maximum fit after
the DUV passes through a fused silica lens, suggesting that
the DUV pulse duration is moderately, but not dramatically
longer after the refractive optics.

To generate a TG pattern on the sample, we split the
DUV pulse train using a transmissive diffraction grating,
or phase mask, optimized for diffraction efficiency into the
±1 orders. The diffracted orders pass through the 4f imag-
ing system shown in Fig. 1(a), and interfere on the sample
surface to produce a TG of period

� = λ

2 sin(θ/2)
= M

�0

2
, (1)

where λ = 197 nm is the excitation wavelength, θ is the
interference angle, �0 = 2 µm is the diffraction grating
period and M is the imaging system magnification [33].
By changing the magnification and rotating the diffraction
grating, it is possible to continuously tune the TG period
from below 300 nm to several micrometers [34]. Changing
the magnification also changes the beam size and conse-
quently excitation fluence (see Sec. IV). Figure 1(b) shows
an atomic force microscopy measurement of a 287 nm TG
period etched into a polymethyl methacrylate (PMMA)
film, after a 30-second exposure. It is also straightfor-
ward to generate TG periods down to 230 nm, using
197-nm DUV light and the numerical aperture provided
by standard two-inch lenses.

We measure the relaxation of the TG in metals and
wide-bandgap materials using time-delayed probe pulses
derived from the same Ti:sapphire amplifier as the DUV
pump. A small portion of the incident probe light diffracts
from sinusoidal modulations in the refractive index,
absorption, and surface height of the sample due to the
electronic, thermal, and acoustic dynamics launched by
the DUV TG excitation. The diffraction signal vanishes
when the sample returns to equilibrium. To isolate the sig-
nal from scattered background light, we reduce the DUV
pump repetition rate to 500 Hz using an optical chopper,

while probing at 1 kHz. The diffracted probe signal, at 500
Hz, is captured on a New Focus 2107 photodetector and
filtered using a lock-in amplifier referenced to the pump
frequency. Figure 1(e) shows the diffracted probe intensity
as a function of delay time for a 287-nm TG period on a
diamond substrate. The diffraction signal can be measured
in reflection or transmission, with a probe wavelength of
the fundamental 800 nm or a frequency-doubled 400 nm,
depending on the TG period and the sample optical prop-
erties. In transmission measurements, probing at the Bragg
angle, sin θB = λp/2�, where λp is the probe wavelength
and � is the TG period, results in constructive contri-
butions to the diffracted probe signal across the sample
depth, isolating the effects of in-plane dynamics while
maintaining the maximum possible signal intensity (see
Supplemental Material section III [28]). For TG periods
measured in transmission, we adjust the probe incidence
angle to maintain Bragg matching. As the probe is incident
at the Bragg angle but is not introduced through the same
4f imaging system as the pump, the tilt of the probe wave-
front with respect to the sample reduces the time resolution
further than the approximately 285-fs correlation shown
in Fig. 1(d). However, this temporal broadening effect is
still estimated to be subpicosecond even for the smallest
grating periods, i.e., highest probing angles, in the present
study.

The diffracted signal, of intensity Ip(t), may interfere
with static reference probe light, of intensity Ir and relative
phase φ, to produce a signal,

I(t) = Ir + Ip(t) + 2
√

IrIp(t) cos φ, (2)

which includes a “heterodyned” term proportional to√
Ip(t) and therefore linear in the electric field of the

diffracted signal. Here, we do not have a separate refer-
ence beam, but instead observe parasitic heterodyning due
to interference between probe light scattered by the sample
surface roughness and the diffracted signal. Heterodyning
can be advantageous because tuning Ir � Ip(t) enhances
and isolates the heterodyned term, while control over φ

allows for the isolation of various components of the mate-
rial response [33]. Traditional heterodyning approaches,
which generate a reference beam using the same diffrac-
tion grating and 4f imaging system as the pump [35], are
infeasible in the present experiment due to due to chro-
matic aberrations in the lenses at DUV wavelengths. Probe
light inadvertently scattered from the sample surface can
also interfere with the diffracted signal at the detector, in
a process known as parasitic heterodyning [11]. By peri-
odically modulating φ through slight translations of the
sample or diffraction grating, it is possible to estimate the
degree of parasitic heterodyning. This can be substantial
in the present measurements of diamond due to scatter
from the ∼0.5-nm Ra surface roughness. In parasitic het-
erodyning, Ir can no longer be tuned to be much larger than
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Ip , necessitating a careful treatment of the experimental
signal, as discussed in Sec. IV.

Interactions between short-wavelength light and atmo-
spheric hydrocarbons can cause the gradual deposition of
a thin layer of carbon contamination on nearby surfaces
[36,37]. Carbon deposition on the sample surface can alter
the TG signal on a minutes-long time scale. Due to its
dependence on multiphoton processes, the carbon deposi-
tion rate increases nonlinearly with laser fluence, and is
negligible at sufficiently low pump and probe intensities
[38]. The threshold at which carbon deposition signifi-
cantly modifies DUV TG measurements of diamond is
∼5 mJ/cm2 for the 400 nm probe light. The diamond data
presented in Sec. IV is taken at a much lower probe flu-
ence to avoid this effect. We observe no evidence of carbon
deposition for the 800-nm probe light used to measure the
gold films, due to its lower photon energy. We also observe
no significant carbon deposition on the sample from the
200-nm pump beam in either case, likely because the pump
fluence is below 1 mJ/cm2.

III. ACOUSTIC WAVES IN THIN GOLD FILMS

As an initial demonstration and validation of the new
DUV TG experiment, we excite and measure the propa-
gation of acoustic waves in thin gold films. This permits

the noncontact measurement of film thickness and elastic
properties, which agree well with reference values. The
gold films, from Angstrom Engineering®, are nominally
50 nm thick, with a ∼5-nm chromium adhesion layer on
〈100〉 silicon substrates. After excitation by a DUV pump
pulse, the initial sinusoidal distribution of hot electrons
in the gold layer rapidly couples to the phonon system,
impulsively exciting coherent longitudinal acoustic waves
(LAWs) and SAWs resonant with the system geometry.
The LAW propagates vertically in the gold film at the
longitudinal speed of sound, dissipating upon each reflec-
tion with the substrate interface. It appears as a weak and
highly damped oscillation in the experimental data at early
timescales (<100 ps), as shown in Fig. 5 of the Supple-
mental Material. We extract the LAW frequency using a
matrix pencil method (MPM) algorithm, which outper-
forms a fast Fourier transform in the extraction of damped
frequencies with few oscillation periods [39]. The LAW
frequency corresponds to a gold film thickness of 54 ± 4
nm, in good agreement with the nominal value.

The SAW propagates along the sample surface in both
the film and substrate, and appears as a strong oscilla-
tion in the experimental data, as shown in Fig. 2(a). The
SAW wavelength λSAW is equal to the TG period, with
penetration depth δ ∼ λSAW/π . Because the SAW pene-
tration depth is proportional to wavelength, short (long)
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FIG. 2. TG measurements of SAWs in thin gold films (a) Experimental data displaying damped SAW oscillations in a 50-nm gold
film with chromium adhesion layer on a silicon substrate, at a TG period of 1.3 µm. (b) Finite element eigenfrequency calculation
showing the displacement of the surface-confined SAW mode. (c) SAW dispersion (wavelength versus velocity). The experimental
data (black points) are obtained by measuring the SAW frequency at various TG periods. A finite-element model with nominal material
and geometric properties reproduces the experimental data (green line). The inset shows a cartoon of the SAW and sample geometry.
The SAW velocity decreases at shorter wavelengths because it is increasingly confined to the softer gold film, relative to the stiffer
silicon substrate (blue line).
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wavelength SAWs corresponding to small (large) TG peri-
ods are more sensitive to the film (substrate) properties,
respectively. Figure 2(c) shows the dispersion of the SAW
velocity as a function of SAW wavelength for the film sys-
tem. Shorter wavelength SAWs exhibit a reduced velocity
due to increased confinement in the relatively soft gold
film, as compared with the stiffer silicon substrate (blue
line). The SAW wavelength for each black experimental
data point was verified with an optical microscope by mea-
suring the period of a TG pattern etched into a PMMA
film. The error bars consist of uncertainty in these optical
microscope measurements, along with error in the SAW
frequencies extracted using the MPM algorithm described
previously. The SAW dispersion in Fig. 2(c) agrees well
with the results of a finite-element model based on the ver-
ified 50-nm film thickness and nominal material properties
of the gold film, silicon substrate with slight strain, and
chromium adhesion layer (green curve). The finite-element
model performs an eigenfrequency calculation for the first
few resonant modes of the sample geometry; Fig. 2(b)
illustrates the displacement profile associated with the par-
ticular eigenmode identified as the SAW (details are given
in Supplemental Material section II [28]). Because it can
excite high-frequency SAWs in transparent materials, the
present DUV TG experiment provides a noncontact means
for measuring elastic properties in situations that previ-
ously required the fabrication of absorptive transducers.

IV. CARRIER DIFFUSION IN DIAMOND

Diamond is an attractive wide-bandgap semiconduc-
tor due to its high electron mobility, high electric field
breakdown strength, and superior thermal conductivity
[23,40]. However, fabrication issues remain a challenge
in integrating it into device-level nanoelectronic archi-
tectures [41]. In addition, due to the difficulty of study-
ing diamond with visible metrology techniques, little is
known about its transport properties in device-relevant
nanoscale geometries, whose dimensions are below the
mean free paths of heat-carrying phonons [42]. Ultravi-
olet TG measurements have been used previously as a
noncontact means to observe both carrier and thermal dif-
fusion in diamond at ∼2–100 µm length scales [5,43–45].
However, diamond’s fast transport dynamics at submi-
crometer length scales was not accessible due to longer
laser pulse durations. At the nanoscale, investigation of
electron and phonon dynamics was only achieved via
transducer nanofabrication [46] or through free electron
laser (FEL) TG implementations [27]. In this section, we
leverage the advantages of the DUV TG technique to
investigate carrier transport in single-crystal diamond on
short timescales. The chemical vapor deposition (CVD)
diamond sample is purchased from Applied Diamond and
has ∼500-µm thickness, <1 ppm nitrogen impurities, and
is double-side polished to ∼0.5-nm Ra surface roughness
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FIG. 3. Nanoscale carrier diffusion in single-crystal diamond. (a) Measured decays due to in-plane carrier diffusion at various TG
periodicities. The decays have a double-exponential form because probe light scattered from the sample interferes with the diffracted
signal to introduce a heterodyned term. (b) Fitted time constants for the non-heterodyned (red) and heterodyned (blue) components
of the decays. As expected for carrier diffusion, the time constant scales with the square of the TG periodicity and is twice as large
for the linear heterodyned term. (c) Fitted ambipolar diffusion coefficients as a function of TG periodicity. The diffusion coefficient
increases slightly with TG periodicity because the magnification of the pump laser spot size on the sample results in a lower excited
carrier concentration.
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to enable measurements in the transmission configura-
tion discussed in Sec. II. Prior to measurement, X-ray
reflectivity confirmed minimal surface contamination.

The achievable TG periodicity in the current experiment
extends down to 287 nm, limited only by the 400-nm probe
wavelength, as shown in Fig. 3(a). To model the probe sig-
nal evolution, we assume that the nonequilibrium electron
and hole distributions excited by the DUV pump thermal-
ize locally on a <500 fs timescale [47,48], shorter than the
measured relaxation of the TG profiles considered here.
The local excited carrier density induces a proportional
change in refractive index, 	n, which serves as an initial
condition for the subsequent electron and hole evolution,

	n(x, z, t = 0) = 	n0[1 + cos (qx)]e−βz, (3)

where x and z are coordinates in the in-plane and cross-
plane directions respectively, 1/β is the pump penetration
depth, and q = 2π/� is the TG wavevector magnitude.
After the excitation, the diffracted signal decays due to
homogenization of the carrier density within the sample
via diffusive electron and hole transport. For the small
TG periods we consider, this process takes place on a
picoseconds timescale as can be seen in Fig. 3(a). There-
fore, density changes due to electron-hole recombination
events, which occur at much longer timescales, are negli-
gible in the present experiments. The penetration depth of
197-nm light in diamond is approximately 500 nm [49],
comparable to �, such that carrier transport takes place in
both the in-plane and cross-plane dimensions simultane-
ously on similar timescales. While analytical solutions of
the 2D diffusion equation are available for the initial condi-
tion in Eq. (3), a probe beam incident on the TG excitation
at the Bragg angle results in a diffracted signal sensitive
only to the in-plane dynamics. This enables characteriz-
ing the ambipolar diffusion coefficient D from the decay of
the diffracted probe intensity Ip(t) considering only the in-
plane component of the diffusion equation (see details in
Supplemental Material section III [28]),

Ip(t) ∼ e−2Dq2t. (4)

However, the measured TG decays shown in Fig. 3(a)
exhibit a double-exponential form, with characteristic
decay times τ1 and τ2. As shown in Fig. 3(b), both time
constants scale as τ ∼ q−2 ∼ �2, as expected from the
in-plane diffusive process outlined in Eq. (4). Because
τ2 is observed to be approximately twice τ1 across all
TG periodicities, we attribute the two exponential decays
to the second and third (heterodyned) terms in Eq. (2)
[35,43]. Comparison with Eq. (4) allows the identifica-
tion τ2 = 2τ1 = 1/(Dq2). The resulting diffusivity fit is
D = 13.8 ± 3.0 cm2/s for the full dataset presented in
Fig. 3. The attribution of the second decay with time con-
stant τ2 to parasitic heterodyning is further supported by

the observation that the fitted amplitude A2 of the second
exponential decay decreases with decreasing TG periodic-
ity because at larger diffraction angles there is less static
background scatter from the sample surface (see details in
Supplemental Material section III [28]).

Thus, diffusion alone explains the evolution of the car-
rier distribution after optical excitation, which enables the
experimental characterization of the ambipolar diffusion
coefficient. In turn, this indicates that ballistic electron
transport effects do not manifest for the range of TG peri-
ods studied here. Nevertheless, as shown in Fig. 3(c),
the diffusion coefficient increases slightly with TG peri-
odicity when fitted separately for each value of �. This
occurs because the magnification system described in
Sec. II results in an increasing pump beam spot size,
and therefore decreasing excited carrier concentration N
as � increases. Indeed, the diffusion coefficient in dia-
mond and other semiconductors is known to decrease with
increasing carrier density [4,5,50,51]. This is generally
attributed to a combination of carrier-carrier scattering
[45,52] and many-body effects, which create a gradi-
ent in the bandgap along the spatial variation of N in
opposition to the carrier diffusion [53]. In the present
experiments, we estimate an excited carrier density in
the range 2 × 1017 < N < 3 × 1019/cm3 depending on �

(see Supplemental Material section III [28]). Our mea-
surements resemble previous DUV TG experiments on
diamond at larger periodicities but similar carrier concen-
trations [5,45], as shown in Fig. 4. A recent FEL imple-
mentation of a 277-nm TG period on diamond generated
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2 /s
)
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FIG. 4. Measured ambipolar diffusivity as a function of the
estimated carrier density. The decrease in diffusivity is attributed
to an increase in the excited carrier density as � decreases due
to the optical magnification system. The diffusivity character-
ized in the present experiments roughly agrees with previous UV
TG measurements of CVD and high-pressure, high-temperature
(HPHT) diamond samples considering much larger TG periods,
but similar carrier concentrations [45].
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with 98-eV light also observed a similar carrier diffusion
timescale as in the present experiment [27]. In contrast,
time-of-flight experiments at much lower carrier concen-
trations, N ∼ 1013/cm3, measure D > 50 cm2/s [40,54].
We note, however, that the diffusion coefficients from dif-
ferent experiments are not expected to be fully compatible
given the influence of defects and sample quality on carrier
mobility.

V. CONCLUSION

We have demonstrated a tabletop TG metrology tech-
nique using DUV light that provides a combination of
desirable capabilities for the investigation of subpicosec-
ond, nanoscale carrier transport dynamics in semiconduc-
tors. The use of high photon energy enables the excitation
of ultrawide-bandgap materials such as diamond, of inter-
est for next-generation nanoelectronics. Moreover, the
short-wavelength light allows access to the transport mech-
anisms under TG excitations with periods down to 287
nm, the smallest periodicity achieved so far by tabletop
capabilities. Finally, the few-hundred-femtosecond pulse
duration provides subpicosecond time resolution. We first
validated the technique using acoustic wave propagation
experiments in thin gold films, and then, we used it to mea-
sure the ambipolar diffusion coefficient for different carrier
concentrations in a diamond substrate.
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