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Two-color terahertz (THz) generation is a field-matter process combining an optical pulse and its second
harmonic. Its application in condensed matter is challenged by the lack of phase matching among multiple
interacting fields. Here, we demonstrate phase-matching-free two-color THz conversion in condensed
matter by introducing a highly resonant absorptive system. The generation is driven by a third-order
nonlinear interaction localized at the surface of a narrow-band-gap semiconductor, and depends directly on
the relative phase between the two colors. We show how to isolate the third-order effect among other
competitive THz-emitting surface mechanisms, exposing the general features of the two-color process.
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The nonlinear generation of broadband terahertz (THz)
fields from ultrafast optical pulses is a subject of great
interest for fundamental research and disruptive applications
in imaging, spectroscopy, and the design of materials and
devices [1–12]. Current research aims to identify new
materials and generation mechanisms to boost the efficiency
and versatility of nonlinear THz sources, as in the case of
organic crystals [13,14], spintronic substrates [15], and
tunable gas lasers [16]. Second-order optical rectification
(OR) in χð2Þ bulk crystals, such as ZnTe or LiNbO3 [17,18]
has been at the core of bright THz source development for
many years. The stringent requirement to maintain the
longitudinal phase-matching condition across a wide optical
bandwidth, however, strongly limits both the choice of
laser sources and nonlinear materials. While phase matching
can be achieved via sophisticated settings, it certainly poses
growing challenges when synchronous propagation of
multiple fields is required, as in the case of third-order
phenomena. To overcome the limitations imposed by phase
matching, a promising alternative is provided by new types
of emitters capable of high-conversion efficiency over short
propagation distances [13], as in the case of ultrathin
spintronic substrates [15,19,20]. In this context, narrow-
band-gap semiconductor surfaces have emerged as remark-
ably efficient surface THz sources, under ultrafast illumi-
nation (typically 100 fs class pulses). Indium arsenide
(InAs), in particular, provides exceptionally high conversion
efficiencies per unit length and stands as one of the standard
benchmarks for surface nonlinear THz generation [21].

While at lower fluences (< 100 nJ=cm2), InAs sources
are mostly driven by carrier diffusion dynamics [22], in
the high-pump regime (> 10 μJ=cm2) their emission is
dominated by dc-biased surface optical rectification
(DC-SOR) [23–25]. Similarly to second-harmonic genera-
tion from centrosymmetric surfaces [26], in DC-SOR the
optical pump interacts with a symmetry-broken medium
provided by the surface depletion field Esurf of the semi-
conductor, which leads to an effective quadratic response in
the proximity of the surface [27]. Because of the neutrali-
zation of the surface field from excited photocarriers the
emission from DC-SOR typically saturates at high pumping
fluences [21,28]. This saturation, however, does not affect
directly the third-order χð3Þ nonlinearity, which can be used
to generate THz radiation by mixing an optical pulse with its
second-harmonic through a process known as two-color
optical rectification:

ETHzðtÞ ∝ χð3ÞðΩ; 2ω;−ω;−ωÞE2ωðtÞE�
ωðtÞE�

ωðtÞ; ð1Þ

where EωðtÞ and E2ωðtÞ are the electric fields of the optical
and second-harmonic pulses, and � denotes the complex
conjugate. The key signature of this interaction is the
dependence of the THz amplitude from the mutual phase
and frequencies of the interacting fields [29,30], a degree of
control generally not attainable in χð2Þ-based THz sources.
Two-color generation has been extensively exploited in
laser-induced gas plasmas, leading to the demonstration
of THz sources with record-breaking bandwidths [31–38]. In
these systems, the role of the four-wave-mixing is negligible,
as demonstrated by Ref. [39], whereas the THz emission is
rather the result of highly nonperturbative mechanisms.
Two-color excitation also plays a key role in the injection
and coherent control of ultrafast ballistic currents in bulk
semiconductors [40–43]. In these experiments, the inter-
ference between two quantum pathways, single-photon
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absorption at 2ω and two-photon absorption at ω, leads to
the ultrafast injection of directional currents acting as THz
sources [41,44,45]. Quantum interference is mediated by a
below-band-gap optical illumination seeding the two-photon
absorption process (ℏω < Eg < 2ℏω, where Eg is the
semiconductor band gap). However, in the presence of
highly above-band-gap illumination in narrow-band-gap
semiconductors, (Eg < ℏω), the direct one-photon absorp-
tion is the dominant mechanism, effectively reducing the
number of photons available for multiphoton nonlinear
current injection processes. [45]. A central challenge in
implementing Eq. (1) is in keeping synchronous interactions
among all the interacting fields, a condition practically out of
reach in bulk condensed matter.
In this Letter, we demonstrate, for the first time, two-color

optical rectification at an air-InAs interface via a highly
resonant above-band-gap excitation, a process we denote as
all-optical surface optical rectification (AO-SOR) to distin-
guish it from the DC-SOR. The strong absorbing regime is
responsible for the very high effective χð3Þ nonlinearity and
results in a deeply subwavelength penetration depth that
localizes the interaction within a quasi-2D surface (in the
scale of 25 atomic layers). The dimensionally reduced
interaction length allows the relaxation of typical phase-
matching constraints found in bulks. It also affects the
dynamics of competitive surface mechanisms, e.g., the
photo-carrier-driven screening, on the emission. Figure 1
illustrates our experimental setup comprising a fundamental
(FH) excitation beam (λ ¼ 800 nm, 100 fs, 1 kHz, ≈1.0 mJ,
red beam) copropagating with its second-harmonic (SH)
signal (λ ¼ 400 nm, ≈35.4 μJ, blue beam). The cross-
polarized SH pulse at 400 nm was generated via type-I
process (oo-e) in a 0.1 mm thick β-barium borate (BBO)
crystal. A birefringent calcite plate (CP) [46] introduced a
tunable phase delay τCPðϕÞ between the two cross-polarized
fields. Specifically, the phase delay is due to the difference in
optical path length between the ordinary wave at ω and the
extraordinary wave at 2ω [47]. A second half-wave plate at
800 nm rotated the polarization of the fundamental field,
resulting in the two pumps being copolarized. As a nonlinear
surface, we exploited an undoped h100i InAs substrate. The
pumps illuminated the surface at 45° with respect to its
normal. The THz signal was collected along the specular
reflection direction (green beam) through a standard time-
domain spectroscopy (TDS) setup, implemented via a non-
linear h110i ZnTe crystal [48]. In this configuration, the
generated THz field consists of three major contributions:

ETHzðtÞ ∝ χð3ÞEωðtÞE�
ωðtÞEsurf

þ χð3ÞE2ωðt − τCPÞE�
2ωðt − τCPÞEsurf

þ χð3ÞE2ωðt − τCPÞE�
ωðtÞE�

ωðtÞ cosð2ωτCPÞ: ð2Þ

The first two terms account for separate DC-SOR contri-
butions from the fundamental Eω and second-harmonic E2ω

fields [Fig. 2(a)]. The third term, conversely, represents the
AO-SOR mechanism under investigation, where fundamen-
tal and SH fields interact through the third-order χð3Þ process
from Eq. (1) [Fig. 2(b)], where τCP is the delay between Eω
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FIG. 2. THz emission from (a) DC-SOR and (b) AO-SOR. In
(c), the interaction region (yellow line) is compared to the skin
depth of the interacting fields, λ ¼ 400 and λ ¼ 800 nm, re-
spectively.
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FIG. 1. Experimental setup. (a) The red, blue, and green beams
denote the 800, 400 nm, and THz beam paths, respectively. The
inset displays the role played by the phase delay. (b) A schematic
of the whole setup. Half-wave plate (HWP), barium borate crystal
(BBO), Calcite plate (CP), fused silica window (SW: UV),
Quarter-wave plate (QWP), zinc telluride (ZnTe).
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and E2ω. We neglected any term arising from carrier
dynamics as they are highly saturated at the considered
fluences [21,28]. Both DC-SOR and AO-SOR are localized
within the subwavelength region defined by the short skin
depth of the incident optical fields (approximately 140 nm
at λω ¼ 800 and 16 nm at λ2ω ¼ 400 nm) [49]. In this
condition, longitudinal phase matching does not play a
significant role in the emission [Fig. 2(c)]. The delay τCP
is controlled by rotating the calcite plate [47], and it affects
only the amplitude of the all-optical process. By holding the
TDS delay in the position of maximum field detected, a
change of τCP produces a beating pattern of period 1=ð2fÞ ¼
π=ω [Figs. 3(a)–3(b)], as predicted by Eq. (2). When
τCP ¼ 0, all the sources components are in phase, resulting
in a peak in the emission. Interestingly, in this case, the
emitted THz field is enhanced by a factor of ≈40% (96% in
power) [Fig. 3(c)] when considering an incident pump
energy of 1.2 mJ. When τCP ¼ π=4ω, conversely, the
AO-SOR component is suppressed, and we can isolate
the DC-SOR contribution [Fig. 3(d)]. By subtracting the
two signals, we can thus determine the THz field generated
solely by AO-SOR. As illustrated in Figs. 3(e), 3(f), the THz
pulse generated by AO-SOR is shorter in time and broader in
spectrum than that from DC-SOR. In the range 2–2.5 THz
the AO-SOR power spectral density is 3.5–4 dB above the
corresponding spectrum for the DC-SOR. It is worth noting
that our current ZnTe-based detection limits the appreciable
bandwidth creating a slope in the spectrum as the frequency
approaches 3 THz. This limitation, however, could be
removed by employing different nonlinear detection crystals
operating at different wavelengths, such as GaP [50],
or an air-ABCD detection scheme [51]. We obtained
further insights into the AO-SOR emission mechanism by

measuring the emitted THz field as a function of the incident
optical power, as summarized in Fig. 4. To this end, we
measured the peak THz field as a function of τCP and the
incident pump energy [Fig. 4(a)]. As shown in Fig. 4(b), for
each value of the pumping power we can employ the
interference signal (green line) to isolate the DC-SOR
contribution (mean value of the oscillation, dashed blue
line) from the cosinelike AO-SOR contribution (amplitude
of the interference oscillations, dashed orange line. For each
pump energy, we extracted the individual contributions by
fitting the experimental data (red circles). The analysis of
these contributions is particularly useful to discriminate the
saturation dynamics of the two competing mechanisms, as
illustrated in Fig. 3(c). The DC-SOR contribution (blue dots)
shows an initial linear trend at lower energies, followed by a
soft saturation profile characteristic of the field-induced
DC-SOR [21,28]. The AO-SOR, conversely, does not show
any appreciable saturation effect at the high fluences of our
experiment, as the mechanism is not affected by the screen-
ing of the semiconductor surface field. Note that direct THz
photocarriers screening tends to be also negligible due to the
extremely short skin depth of the second harmonic that
defines the interaction region. This result is illustrated in
Fig. 4(d): by extracting the AO-SOR field contribution, we
observe how it increases quadratically with the square of the
input optical energy [P2

pump ∝ jEωj4, Fig. 4(d)] as dictated by
Eq. (1) in the presence of a second-harmonic field of the
form E2ω ∝ E2

ω. Quite interestingly, we were able to observe
the onset of a subquartic trend for high pump energies. The
main contributors to this effect are potentially the self-phase
and cross-phase modulation in the BBO crystal, which can
induce a change of the nonlinear product at the InAs surface
by slightly detuning the fundamental and SH waves at high
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FIG. 3. (a),(b) Peak THz emitted field as a function of the phase delay τCP. In both plots, the THz field has been normalized to the
DC-SOR contribution. (c),(d) Detected THz pulse for τCP ¼ 0 and τCP ¼ π=4ω, respectively. In both cases, we considered p-polarized
excitation and detection. (e),(f) Comparison of the pulse temporal and spectral amplitudes obtained by AO-SOR (red line) and DC-SOR
(black dashed line), respectively. In these experiments, the incident pump energy was 1.2 mJ.
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pump rates. Further insights on the AO-SOR process can be
obtained by observing the THz emission dependence from
crystal rotation. To this end, we analytically calculated such a
dependence by generalizing the full-vector approach
described in Refs. [52–54]. We derived a set of nonlinear
Fresnel reflection coefficients for the p and s polarization
components by matching the incident fields with the non-
linear polarization field PNL generating the THz field.
Following the standard approach outlined in Ref. [55], we
obtained the THz field generated in reflection by matching
PNL with a wave reflected at the air-InAs interface. Our
calculations show that the crystal orientation affects each
generation mechanism differently. A particularly relevant
case involves the s-polarized THz field generated by a h100i
InAs by p-polarized pumps. In this configuration, the
standard DC-SOR is suppressed by the symmetry properties
of the nonlinear tensor χð3Þ [23,28]. The two-color THz
emission, on the contrary, reads as follows:

Ep;s ¼
3

4
ΩLeffAsf2cf2ct2pt2p

sinð4ϕÞ½χiiii − 2χiijj − χijji�E2ωE2
ω; ð3Þ

where ϕ is the crystal orientation angle measured from the
100 axis, and χiiii, χiijj, and χijji are the three independent
components of the tensor χð3Þ. To ease a direct comparison
with the DC-SOR case, all the other quantities in Eq. (3) are
identical to those in Ref. [28]. Our experiments captured the
fourfold symmetry predicted by Eq. (3), as illustrated in
Fig. 5. These results confirm that the AO-SOR emission
originates from the nonlinear susceptibility tensor of InAs.
Interestingly, Eq. (3) allows us to also estimate the value of

the nonlinear susceptibility χð3Þ for the AO-SOR process in
InAs as χð3Þ ≈ 9 × 10−21 m2=V2.
In conclusion, we provide here the first experimental

demonstration of phase-matching free, two-color THz
generation in condensed matter. This process, which is
not observed in bulk crystals, occurs in highly absorptive
systems within a sub-wavelength interaction region dictated
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by the skin depth of the SH field (∼16 nm at λ ¼ 400 nm).
The reduced interaction length acts as a quasi-2D structure
and ensures that the optical-to-THz conversion is unaffected
by the longitudinal phase mismatch between the interacting
waves. We predict that this approach could be ideal for the
generation of THz waves with large frequency detuning
between the two-color excitations, opening to the realization
of non-zero-frequency-carrier THz parametric amplification.
Our results also suggest that AO-SOR can significantly
outperform DC-SOR for the same total input pump power.
Indeed, in our experiments, a minor amount of SH contri-
bution (about 3.5% in Fig. 3) produces a macroscopic
enhancement of the optical to THz conversion from InAs.
If we denote as α the total fractional power of the second-
harmonic generated from the 800 nm pump, the THz fields
increase as ETHz ∝ ð1 − αÞ ffiffiffi

α
p

. Such a function has a very
steep gradient around α ≈ 3.5% and peaks at about α ≈ 33%.
Although this consideration does not account for the losses, it
indicates that this process yields amuch higher net efficiency
when compared to standard benchmark surface emitters.
We believe that our proof-of-concept results could seed new
developments in the implementation of ultrathin THz emit-
ters for, e.g., near field imaging applications and integrated
nanophotonic devices, inwhich traditional nonlinear crystals
cannot be scaled to the same size without reducing to
unpractical levels the optical-THz conversion efficiency
[11,12,56]. Besides, the lack of any observable physical
saturation mechanisms typically related to photocarrier
mediated screening of the surface field in DC-SOR, strongly
suggests that the conversion limit of AO-SOR is set by
mechanisms that become relevant only close to the damage
threshold of the substrate.
The datasets for all figures are freely accessible at [57].
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