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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 con-
version 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-bandgap semi-
conductor, 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 ap-
plications in imaging, spectroscopy and the design of ma-
terials and devices [1–12]. Current research aims to iden-
tify 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 sub-
strates [15], and tunable gas lasers [16]. Second-order
Optical Rectification (OR) in χ(2) 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 non-
linear materials. While phase-matching can be achieved
via sophisticated settings, it certainly poses growing chal-
lenges 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 emit-
ters capable of high-conversion efficiency over short prop-
agation distances [13], as in the case of ultra-thin spin-
tronic substrates [15, 19, 20]. In this context, narrow-
bandgap semiconductor surfaces have emerged as re-
markably efficient surface THz sources, under ultrafast
illumination (typically 100fs-class pulses). Indium Ar-
senide (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 (< 100nJ/cm2),
InAs sources are mostly driven by carrier diffusion dy-
namics [22], in the high-pump regime (>10µJ/cm2) their
emission is dominated by DC-biased Surface Optical
Rectification (DC-SOR) [23–25]. Similarly to second-
harmonic generation 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 semiconductor, which leads to an effective

quadratic response in the proximity of the surface [27].
Due to the neutralization of the surface field from excited
photo-carriers the emission from DC-SOR typically satu-
rates at high pumping fluences [21, 28]. This saturation,
however, does not affect directly the third-order χ(3) non-
linearity, 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:

ETHz(t) ∝ χ(3)(Ω, 2ω,−ω,−ω)E2ω(t)E∗ω(t)E∗ω(t), (1)

where Eω(t) and E2ω(t) are the electric fields of the op-
tical and second-harmonic pulses, and ∗ denotes com-
plex 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 χ(2)-based
THz sources. Two-color generation has been exten-
sively 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 [39],
whereas the THz emission is rather the result of highly
non-perturbative mechanisms. Two-color excitation also
plays a key role in the injection and coherent control of ul-
trafast ballistic currents in bulk semiconductors [40–43].
In these experiments, the interference between two quan-
tum pathways, single-photon 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-bandgap
optical illumination seeding the two-photon absorption
process (~ω < Eg < 2~ω, where Eg is the semicon-
ductor bandgap). However, in the presence of highly
above-bandgap illumination in narrow-bandgap semicon-
ductors, (Eg < ~ω), the direct one-photon absorption is
the dominant mechanism, effectively reducing the num-
ber of photons available for multi-photon nonlinear cur-
rent injection processes. [45]. A central challenge in im-
plementing Eq. (1) is in keeping synchronous interactions
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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-bandgap excitation, a pro-
cess we denote as All-Optical Surface Optical Rectifi-
cation (AO-SOR) to distinguish it from the DC-SOR.
The strong absorbing regime is responsible for the very
high effective χ(3) nonlinearity and results in a deeply
sub-wavelength penetration depth that localizes the in-
teraction 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-carriers-
driven screening, on the emission. Figure 1 illustrates
our experimental setup comprising a fundamental (FH)
excitation beam (λ=800nm, 100fs, 1kHz, ≈1.0mJ, red
beam) co-propagating with its second-harmonic (SH)
signal (λ=400nm, ≈35.4µJ, blue beam). The cross-
polarized SH pulse at 400 nm was generated via type-I
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FIG. 1. Experimental setup. (a) The red, blue and green
beams denote the 800nm, 400nm and THz beam paths, re-
spectively. The inset displays the role played by the phase
delay. (b) A schematic of the whole setup. HWP: Half-wave
plate, BBO: Barium Borate crystal, CP: Calcite plate, SW:
UV fused silica window, QWP: Quarter-wave plate, ZnTe:
Zinc Telluride.

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 τCP (φ) between the two cross-
polarized fields. Specifically, the phase delay is due to
the difference in optical path length between the ordi-
nary 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 be-
ing co-polarized. As a nonlinear surface, we exploited an
undoped 〈100〉 InAs substrate. The pumps illuminated
the surface at 45◦ respect to its normal. The THz sig-
nal was collected along the specular reflection direction
(green beam) through a standard Time-Domain Spec-
troscopy (TDS) setup, implemented via a nonlinear 〈110〉
ZnTe crystal [48]. In this configuration, the generated
THz field consists of three major contributions:

ETHz(t) ∝ χ(3)Eω(t)E∗ω(t)Esurf

+ χ(3)E2ω(t− τCP )E∗2ω(t− τCP )Esurf

+ χ(3)E2ω(t− τCP )E∗ω(t)E∗ω(t) cos(2ωτCP ). (2)

The first two terms account for separate DC-SOR contri-
butions from the fundamental Eω and second-harmonic
E2ω fields (Fig. 2a). The third term, conversely, repre-
sents the AO-SOR mechanism under investigation, where
fundamental and SH fields interact through the third-
order χ(3) process from Eq. (1) (Fig. 2b), where τCP is
the delay between Eω 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 sub-wavelength region
defined by the short skin depth of the incident optical
fields (approximately 140 nm at λω = 800 nm and 16nm
at λ2ω = 400 nm) [49]. In this condition, longitudinal
phase-matching does not play a significant role in the
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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 =400nm and λ =800nm
respectively.
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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 = 0 and τCP = 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.

emission (Fig. 2c). The delay τCP is controlled by rotat-
ing the calcite plate [47], and it affects only the ampli-
tude 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/(2f) = π/ω
(Fig. 3(a-b)), as predicted by Eq. (2). When τCP = 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. 3c) when considering an incident pump
energy of 1.2 mJ. When τCP = π/4ω, conversely, the
AO-SOR component is suppressed, and we can isolate
the DC-SOR contribution (Fig. 3d). By subtracting the
two signals, we can thus determine the THz field gen-
erated solely by AO-SOR. As illustrated in Fig. 3(e,f),
the THz pulse generated by AO-SOR is shorter in time
and broader in spectrum than that from DC-SOR. In
the range 2-2.5THz the AO-SOR power spectral density
is 3.5-4dB above the corresponding spectrum for the DC-
SOR. It is worth noting that our current ZnTe-based de-
tection limits the appreciable bandwidth creating a slope
in the spectrum as the frequency approaches 3THz. This
limitation, however, could be removed by employing dif-
ferent nonlinear detection crystals operating at different
wavelengths, such as GaP [50], or an air-ABCD detec-
tion 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 inci-
dent 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 cosine-like AO-SOR contribution (ampli-
tude of the interference oscillations, dashed orange line.
For each pump energy, we extracted the individual con-
tributions by fitting the experimental data (red circles).
The analysis of these contributions is particularly use-
ful 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 pro-
file 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 screening of the
semiconductor surface field. Note that direct THz photo-
carriers 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 (P 2

pump ∝ |Eω|4, 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 sub-quartic trend for high
pump energies. Main contributors to this effect are po-
tentially the self-phase and cross-phase modulation in the
BBO crystal, which can induce a change of the nonlin-
ear product at the InAs surface by slightly detuning the
fundamental and SH waves at high pump rates. Fur-
ther insights on the AO-SOR process can be obtained
by observing the THz emission dependence from crystal
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FIG. 4. (a,b) THz peak emission as a function of the phase delay τCP and the pump energy Pω. For each pump energy, we
extracted the SOR contribution (panel b, blue line), corresponding to the center value, and the AO-SOR contribution (orange
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(red circles). (c) Total emission and DC-SOR contribution as a function of the pump power, highlighting the soft saturation at
high pump energies characteristic of the DC-SOR emission mechanism. (d) AO-SOR emission as a function of |Ppump|2. The
dashed line highlights the fitted ideal quartic dependence.

rotation. To this end, we analytically calculated such a
dependence by generalising the full-vector approach de-
scribed in [52–54]. We derived a set of nonlinear Fresnel
reflection coefficients for the p and s polarization compo-
nents by matching the incident fields with the nonlinear
polarization field PNL generating the THz field. Follow-
ing the standard approach outlined in Ref. [55], we ob-
tained 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
〈100〉 InAs by p-polarized pumps. In this configuration,
the standard DC-SOR is suppressed by the symmetry
properties of the nonlinear tensor χ(3) [23, 28]. The two-
color THz emission, on the contrary, reads as follows:

Ep,s =
3

4
ΩLeffAsf

2
c f2ct

2
pt2p×

sin(4φ) [χiiii − 2χiijj − χijji]E2ωE
2
ω (3)

where φ is the crystal orientation angle measured from
the 100 axis, and χiiii,χiijj and χijji are the three inde-
pendent components of the tensor χ(3). To ease a direct
comparison with the DC-SOR case, all the other quan-
tities in Eq. (3) are identical to those in [28]. Our ex-
periments captured the four-fold symmetry predicted by
Eq. (3), as illustrated in Fig. 5. These results confirm
that the AO-SOR emission originates from the nonlin-
ear susceptibility tensor of InAs. Interestingly, Eq. (3)
allows us to also estimate the value of the nonlinear
susceptibility χ(3) for the AO-SOR process in InAs as

χ(3) ≈ 9× 10−21m2/V 2.

In conclusion, we provide here the first experimen-
tal demonstration of phase-matching free, two-color THz
generation in condensed matter. This process, which is
not observed in bulk crystals, occurs in highly absorp-
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tive systems within a sub-wavelength interaction region
dictated by the skin depth of the SH field (∼16 nm at
λ = 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 amplifica-
tion. Our results also suggest that AO-SOR can sig-
nificantly outperform DC-SOR for the same total in-
put pump power. Indeed, in our experiments, a mi-
nor amount of SH contribution (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 ∝
(1 − α)

√
α. 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 indi-
cates that this process yields a much higher net efficiency
when compared to standard benchmark surface emit-
ters. We believe that our proof-of-concept results could
seed new developments in the implementation of ultra-
thin THz emitters for, e.g., near field imaging applica-
tions and integrated nanophotonic devices, in which tra-
ditional 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 typi-
cally related to photo-carrier mediated screening of the
surface field in DC-SOR, strongly suggests that the con-
version limit of AO-SOR is set by mechanisms that be-
come relevant only close to the damage threshold of the
substrate.
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Nature Communications 11, 292 (2020).

[39] K. Y. Kim, J. H. Glownia, A. J. Taylor, and G. Ro-
driguez, Opt. Express 15, 4577 (2007).

[40] E. Dupont, P. B. Corkum, H. C. Liu, M. Buchanan,
and Z. R. Wasilewski, Physical Review Letters 74, 3596
(1995).

[41] D. Cote, J. M. Fraser, M. DeCamp, P. H. Bucksbaum,
and H. M. van Driel, Applied Physics Letters 75, 3959
(1999).

[42] J. Gudde, M. Rohleder, T. Meier, S. W. Koch, and
U. Hofer, Science 318, 1287 (2007).

[43] S. Sederberg, F. Kong, F. Hufnagel, C. Zhang, E. Karimi,
and P. B. Corkum, Nature Photonics , 1 (2020).

[44] J. B. Khurgin, Journal of Nonlinear Optical Physics &
Materials 04, 163 (1995).

[45] M. Spasenovic, M. Betz, L. Costa, and H. M. van Driel,
Physical Review B 77, 085201 (2008).

[46] EKSMA BBAR@800+400 nm-310-450 fsec.
[47] K. A. Stankov, V. P. Tzolov, and M. G. Mirkov, Applied

Physics B 54, 303 (1992).
[48] Q. Wu, M. Litz, and X. C. Zhang, Applied Physics Let-

ters 68, 2924 (1995).

[49] D. E. Aspnes and A. A. Studna, Phys. Rev. B 27, 985
(1983).

[50] Q. Wu and X.-C. Zhang, Applied Physics Letters 70,
1784 (1997).

[51] J. Dai, X. Xie, and X.-C. Zhang, Phys. Rev. Lett. 97,
103903 (2006).

[52] N. Bloembergen and P. S. Pershan, Physical Review 128,
606 (1962).

[53] P. N. Saeta and N. A. Miller, Applied Physics Letters 79,
2704 (2001).

[54] W. Hubner, K. H. Bennemann, and K. Bohmer, Physical
Review B 50, 17597 (1994).

[55] R. W. Boyd, Nonlinear optics, 3rd ed. (Academic Press,
Amsterdam ; Boston, 2008).

[56] J. Zhao, Y. E, K. Williams, X.-C. Zhang, and R. W.
Boyd, Light: Science & Applications 8, 55 (2019).

http://dx.doi.org/10.1364/OPTICA.4.001358
http://dx.doi.org/10.1063/1.4941558
http://dx.doi.org/10.1063/1.4941558
http://dx.doi.org/10.1063/1.1842863
http://dx.doi.org/10.1063/1.1842863
http://dx.doi.org/ 10.1038/s41566-018-0238-9
http://dx.doi.org/ 10.1038/s41566-018-0238-9
http://dx.doi.org/10.1038/s41467-019-10657-4
http://dx.doi.org/ 10.1103/PhysRevLett.110.253901
http://dx.doi.org/ 10.1103/PhysRevLett.112.055004
http://dx.doi.org/ 10.1103/PhysRevLett.114.183901
http://dx.doi.org/ 10.1103/PhysRevLett.114.183901
http://dx.doi.org/10.1103/PhysRevLett.116.063902
http://dx.doi.org/ 10.1103/PhysRevLett.117.035003
http://dx.doi.org/ 10.1103/PhysRevLett.117.035003
http://dx.doi.org/10.1103/PhysRevLett.117.243901
http://dx.doi.org/10.1103/PhysRevLett.117.243901
http://dx.doi.org/10.1103/PhysRevLett.119.235001
http://dx.doi.org/ 10.1038/s41467-019-14206-x
http://dx.doi.org/10.1364/OE.15.004577
http://dx.doi.org/10.1103/PhysRevLett.74.3596
http://dx.doi.org/10.1103/PhysRevLett.74.3596
http://dx.doi.org/ 10.1063/1.125531
http://dx.doi.org/ 10.1063/1.125531
http://dx.doi.org/ 10.1126/science.1146764
http://dx.doi.org/ 10.1038/s41566-020-0690-1
http://dx.doi.org/10.1142/S0218863595000082
http://dx.doi.org/10.1142/S0218863595000082
http://dx.doi.org/ 10.1103/PhysRevB.77.085201
http://dx.doi.org/10.1007/BF00325196
http://dx.doi.org/10.1007/BF00325196
http://dx.doi.org/10.1063/1.116356
http://dx.doi.org/10.1063/1.116356
http://dx.doi.org/10.1103/PhysRevB.27.985
http://dx.doi.org/10.1103/PhysRevB.27.985
http://dx.doi.org/10.1063/1.118691
http://dx.doi.org/10.1063/1.118691
http://dx.doi.org/10.1103/PhysRevLett.97.103903
http://dx.doi.org/10.1103/PhysRevLett.97.103903
http://dx.doi.org/10.1103/PhysRev.128.606
http://dx.doi.org/10.1103/PhysRev.128.606
http://dx.doi.org/10.1063/1.1412434
http://dx.doi.org/10.1063/1.1412434
http://dx.doi.org/10.1103/PhysRevB.50.17597
http://dx.doi.org/10.1103/PhysRevB.50.17597
http://dx.doi.org/ 10.1038/s41377-019-0166-6

	All-optical two-color terahertz emission from quasi-2D nonlinear surfaces
	Abstract
	Acknowledgments
	References


