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Abstract: In order to achieve collinear phase-matched nonlinear optical frequency conversion in cubic

crystals, a novel method to induce and modulate the birefringence based on the linear electro-optic

effect was studied. Taking terahertz generation with ZnTe and CdTe crystals of the 43m point group

as an example, an external electric field provided the freedom to realize perfect phase matching (PM)

in a wide bandwidth up to 2 THz for difference frequency generation, with monochromatic optical

waves at around 800 nm and 1010 nm, respectively. Theoretical simulations showed that such a

method helps to extend the terahertz frequency, enhance the conversion efficiency, and alleviate the

limitation on the pump wavelength, which is highly favorable for nonlinear optical uses of cubic

crystals. Simultaneous wideband terahertz generation pumped by ultrashort laser pulses via optical

rectification or difference frequency mixing was also discussed, indicating that an electric field can be

used to modulate the PM characteristics without changing the group velocity-matching condition.

Tuning the nonlinear interaction by an applied voltage is fast, robust, and convenient compared to

ﬁr;:%;l:tfgsr other approaches. In addition, the linear electro-optic effect can make the nonlinear crystal a compact

and high-speed terahertz amplitude modulator, which has great potential in radar, communication,
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1. Introduction
Academic Editor: Carlo Vicario . . . X
Cubic nonlinear crystals represented by zinc-blende semiconductors, such as GaAs,

Received: 6 May 2022 GaP, ZnSe, ZnTe, etc., possess large second-order nonlinearity and a wide transparent range;
Accepted: 24 May 2022 thus, they are of great significance in nonlinear optics for generating mid- to long-wave
Published: 26 May 2022 infrared and terahertz waves [1-5]. In nonlinear processes, phase matching (PM) plays a

Publisher’s Note: MDPI stays neutral ~ C€Ntral role in determining the general characteristics [6]. It governs whether the maximum
with regard to jurisdictional claims in  €fficiency can be achieved and dictates the wavelength tuning bandwidth. PM requires
published maps and institutional affil-  the interacting optical waves to have specific relationships of velocity or the refractive
iations. index in nonlinear materials. However, zinc-blende crystals are cubic and isotropic in
their linear properties, so there is great difficulty in fulfilling the PM conditions without

birefringence. Wideband tunable frequency conversion is even harder because of the
Al lack of approaches for varying the refractive indices. In order to guarantee reasonable
Copyright: © 2022 by the authors.  efficiency and bandwidth in nonlinear frequency conversions, the phase mismatch can be
Licensee MDPI, Basel, Switzerland.  compensated for by introducing anomalous dispersion. Noncollinear interaction can be
used for wavelength tuning [5-10], but the complexity and overlapping of the degraded
beam limit its applications [9]. On the other hand, quasi-phase matching (QPM) becomes
practical with the development of epitaxial methods for growing periodically inverted
GaAs and GaP crystals, where efficient frequency conversion extending to the mid-infrared
and terahertz band has been achieved [11-15]. However, the QPM method still cannot
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be used for II-VI semiconductors, such as ZnSe and ZnTe, as modulating their domain
orientations is extremely difficult.

A completely new idea to achieve PM in cubic nonlinear crystals is artificially introduc-
ing birefringence via the linear electro-optic effect. PM using the linear electro-optic effect
was first proposed by Cui et al. [16], where the main purpose was to stabilize the frequency
conversion process by accurately controlling the refractive index of a nonlinear crystal via
introducing an external electric field. The refractive index ellipsoid can be changed by the
applied electric field, causing the rotation of the principal axes and the formation of new
principal indices. As a result, cubic nonlinear crystals become anisotropic and birefringence
appears. The induced birefringence is related to the applied field; thus, the PM condition
can be tuned via the voltage. Moreover, angle tuning in a birefringent crystal becomes
possible and can be used to extend the wavelength range. Therefore, the linear electro-optic
effect provides a simple and practical approach to realize wideband collinear PM for cubic
nonlinear crystals.

In this paper, PM conditions enabled by the linear electro-optic effect that allow for
terahertz generation in cubic nonlinear crystals were studied for the first time. Theoretical
simulations were performed on the difference frequency generation (DFG) and optical
rectification (OR) in ZnTe and CdTe crystals, which have high second-order nonlinearities
and large electro-optic coefficients. The results indicate that collinear perfect PM can be
achieved in an unprecedented wide frequency range, up to 2 THz, in bulk crystals by volt-
age tuning. In addition, the simultaneous wideband terahertz spectrum could be generated
and optimized by tuning the PM conditions of specific polarizations of an arbitrary pump
wavelength. Considering the additional advantages of agile tuning, large acceptance, etc.,
the PM method based on the linear electro-optic effect has extensive application prospects
for improving the performance of nonlinear optical frequency conversion.

2. Theoretical Methods
2.1. Collinear Phase Matching in ZnTe and CdTe

Both the ZnTe and CdTe crystals belong to the 43m point group with a high symmetry.
Because of their cubic structure, the refractive index is independent of orientation. Consid-
ering a collinear three-wave DFG interaction that exhibits normal dispersion with w; > wy
> wj3 for angular frequencies and #n7 > np > n3 for refractive indices, the phase mismatch is

Ak =k —ky —kj
%[nl(w2 + a)3) — Nowy — n3w3] (1)
= ¢lwa(n1 —n2) + wz(n1 — n3)l,

1

where c is the speed of light in a vacuum; ky, ky, and k3 are scalar wave vectors; and the
energy conservation condition wj = wy + w3 is included. Since 1y > ny and 1y > n3, the
overall expression of Equation (1) is always positive, meaning that Ak > 0 is strictly fulfilled.
The noncollinear geometry does not help, as it makes Ak larger.

However, if anomalous dispersion exists, e.g., two incident infrared waves k; and k
generate terahertz wave k3 (kt) across the reststrahlen band, n3 (n1) can be much higher
than 77, which provides the possibility of Ak > 0 at certain frequencies. The ZnTe crystal
has a considerable coherence length, around 825 nm at 1 THz, which corresponds to a wide
terahertz bandwidth [17], while the CdTe is more suitable for pumping around 1050 nm to
allow effective collinear DFG [18]. The relative PM efficiency is defined as

sin?(AkL/2)

(AkL/2)? @

PM =

The value of #py indicates how a particular DFG process compares to one under
perfect PM conditions. Assuming the crystal length is L = 5 mm, the relative PM efficiency
is calculated and shown in Figure 1. The pump wavelength ranges in consideration are
700-900 nm and 950-1150 nm for ZnTe and CdTe, most of which can be obtained by tunable
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Ti:Sapphire lasers and Yb-doped fiber lasers, respectively. The refractive indices involved
have been validated for both near-infrared and terahertz waves [19,20].
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Figure 1. Relative PM efficiency of collinear DFG in ZnTe and CdTe crystals: (a) ZnTe and (b) CdTe.

It can be seen in Figure 1 that both ZnTe and CdTe allow for a high DFG conversion
efficiency to generate terahertz waves by employing appropriate pumping wavelengths.
Nevertheless, perfect PM (17pp = 1) is more the exception than the rule and it cannot be met
for the whole wavelength range, even though sometimes the degradation is quite smooth
and the bandwidth is large. On the other hand, it is impossible to vary the PM condition
by tuning the interaction orientation for these cubic crystals. Therefore, the performance
for generating tunable terahertz waves via DFG is severely limited, especially with longer
nonlinear crystals.

2.2. Electro-Optic Phase Matching: Basic Concept

The linear electro-optic coefficient matrix for nonlinear crystals of the 43m point group
has non-zero elements 41 = y52 = V63 (Y41 =4.04 pm/V for ZnTe and 41 = 4.5 pm/V for
CdTe) [21]. Considering the configuration shown in Figure 2a, the DFG process occurs
under the pumping of two optical beams, k; and kp, which propagate along the [110]
crystallographic direction with orthogonal polarizations [001] and [110], respectively. The
polarization of the generated terahertz wave (kr) is along the [110] direction. In this case, the
effective nonlinear coefficient is degs = daq (dgg = 68.5 pm/V for ZnTe and dyg = 81.8 pm/V
for CdTe [22]).
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Figure 2. Cont.
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Figure 2. The DFG configuration in crystals of the 43m point group: (a) electric field, optical beam
propagation, and polarization directions; (b,c) the refractive index ellipsoids before and after applying
the electric field along the z axis. The Au planar electrodes are coated to generate a uniform electric
field along the [001] direction.

When an electric field is applied along the optical axis (z or [001]), the refractive index
ellipsoid rotates about the z axis by 45° and the crystal becomes biaxial. The variation in
the refractive index ellipsoid is shown in Figure 2b,c, where the principal axes x/, i/, and 2’
are in the [110], [110], and [001] directions, respectively. If the principal refractive indices
before applying the electric field are ny = ny = n, = ng, the new principal indices with an
electric field E along the z axis are

1
ny = ng + E”S%ﬂ E, (3a)
B Y- (3b)
y 0 2 0741 ’
n./z = Ny, (3C)

in which x, y, and z represent the three principal axes. E = U/d, where U is the voltage and
d is the crystal thickness along the electric field.

Then, the problem turns into seeking the PM condition in a biaxial crystal along the 1’
axis. Unlike classical birefringent PM, which relies on tuning the orientation or temperature
of the nonlinear crystal, the birefringence here is varied by changing the electric field. Since
the electro-optic coefficient is in the order of pm/V, an extremely high voltage is usually
required to change the refractive index significantly, or the thickness should be severely
restricted. However, under the condition of a small phase mismatch, e.g., the cases shown
in Figure 1, perfect PM can be practically fulfilled by the electro-optic effect.

3. Results and Discussion
3.1. Widely Tunable Collinear Phase-Matched Monochromatic Terahertz Generation Via the
Electro-optic Effect

Given that the breakdown voltage is around 20 MV/m for ZnTe and CdTe and the
crystal thickness d is assumed to be 3 mm, the maximum applied voltage | Umax | is 9 kV.
Figure 3a,b give the maximum relative PM efficiency #py achievable by applying suitable
electric fields within the breakdown voltage. Obviously, the collinear PM (ypy > 0.5)
ranges are greatly extended by applying a suitable voltage. Firstly, the tolerance of the
pump wavelength is significantly improved. Taking the generation of a terahertz wave
at 1 THz as an example, the feasible pump wavelength covers the ranges of 789-884 nm
and 1004-1074 nm for ZnTe (Figure 3c) and CdTe (Figure 3d) crystals, respectively, com-
pared with those of 818-850 nm and 1024-1050 nm without the electric fields. Secondly,
the achievable terahertz frequency range becomes much broader. For the ZnTe crystal
pumping at 800 nm, collinear PM allows effective DFG to generate terahertz waves of
0.1-2.25 THz (Figure 3e) by tuning the voltage, while the range is limited to 0.1-0.34 THz
and 1.74-2.05 THz if the electric field is removed (Figure 1a). For the case of CdTe pumping
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at 1010 nm, a phase-matched continuous terahertz tuning range of 0.1-1.84 THz (Figure 3f)
can be realized by applying an electric field. It should be noted that the electric field
provides an extra degree of freedom to fulfill perfect PM (ypp = 1), successfully expanding
such a region from a line in Figure 1 to a broad area in Figure 3. Therefore, the electro-optic
effect not only extends the PM range, but also greatly improves the efficiency #py.
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Figure 3. Relative PM efficiency of widely tunable monochromatic terahertz generation by collinear
PM in ZnTe and CdTe crystals via the electro-optic effect: (a,c,e) are for ZnTe; (b,d,f) are for CdTe;
(a,b) show the perfect PM regions by applying a suitable voltage; (c,d) demonstrate the relationship
between voltage and pump wavelength for phase-matched 1 THz generation; and (e f) represent the
relationship between voltage and terahertz frequency with fixed pump wavelengths of 800 nm and
1010 nm, respectively.

An extra advantage of tuning the PM efficiency by the electro-optic effect is that the
conversion efficiency can be rapidly changed for a special three-wave interaction process
following an arbitrary preset function. This promotes an effective terahertz modulator in
addition to a generator. For example, the ZnTe crystal allows a modulation depth of over
90% at 1 THz when the applied voltage varies from 2.4 to 9 kV. The modulation voltage
can be proportionally decreased if thinner crystals are used. Such compact and high-speed
multi-functional devices should have great significance in various applications.
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Since the homogeneous isotropic ZnTe and CdTe crystals are transformed to be biaxial
by applying electric fields along the z axis, we can revisit the traditional birefringence PM
and discuss the angle-tuning characteristics. To maximize the birefringence for tuning, a
fixed electric field with a voltage of 9 kV is considered. If the k-vector is restricted to one of
the three principal planes (xy-, xz-, and yz- planes), the PM problem in a biaxial crystal is
simplified into that of a uniaxial crystal and we can follow the same naming convention.
There are two types of PM in the new coordinate system: o—e—e in the x’oy’ principal
plane and e—o—o in the y’0z” principal plane. The refractive indices are calculated from
the corresponding principal indices given by Equation (3). Consequently, the angular PM
characteristics are obtained. Figure 4a,b show the o—e—e PM in the x’0y’ plane for the
ZnTe and CdTe crystals, respectively. By varying the crystal orientation deviating from
the y” axis, the PM range can be moderately expanded, which is a good complement to
pure voltage tuning. When the angle is tuned by 90° along the x” axis, the PM bandwidth is
identical to the bandwidth when an inverse voltage of —9 kV is applied. This is because the
electric-field-induced birefringence is equal in value but opposite in sign along the x” and
Y’ axes, respectively, according to Equations (3a) and (3b). However, it is inevitable that
the effective nonlinear coefficient do¢ = dy1 sin(2¢ + 77/2) is dependent on the orientation,
where ¢ is the angle between the propagation direction and the i’ axis. Thus, if the angle
is tuned by 45° to coincide with the previous x or y axis, dog becomes zero. Figure 4c,d
demonstrate the e-o—o0 PM in the y’oz’ plane. The difference is that the PM bandwidth
shrinks if the crystal orientation is changed. The effective nonlinear coefficient is dof = dag
sin(7t/2 — 6), where 6 is the angle between the propagation direction and the y’ axis; thus,
degr = 0 when the three waves interact along the z” axis.
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Figure 4. Relative PM efficiency of collinear angle tuning in ZnTe and CdTe with a 9 kV voltage
along the [001] direction: (a,b) are the tuning characteristics in the x’oy’ plane and (c,d) are the tuning
characteristics in the oz’ plane for ZnTe and CdTe, respectively.

If an inversed electric field (—9 kV) is applied along the z axis, the rotation of the
refractive index ellipsoid would be opposite. The angle tuning in the x'oy’ (0—e—e) is
similar to that in Figure 4 because the range covers a whole quadrant from the x” axis to
the y’ axis. However, the e—o—0 PM in the y’0z” principal plane is different, as shown
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in Figure 5. We can see the consistency in Figure 5a,b before tuning and Figure 4a,b after
tuning by 90°. The PM conditions in the y'0z’ principal plane shift towards high-frequency
terahertz waves for both the ZnTe and CdTe crystals during angle tuning. Meanwhile, the

effective nonlinear coefficient is degs = dy7 sin(rt/2 — 6).
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Figure 5. Relative PM efficiency of collinear angle tuning in the y’0z’ plane of ZnTe and CdTe with a
—9 kV voltage along the [001] direction: (a) ZnTe and (b) CdTe.

3.2. Simultaneous Wideband Terahertz Generation Via OR Modulated by the Electro-Optic Effect

Optical rectification (OR) in nonlinear crystals is an effective method for generating
wideband terahertz waves excited by ultrashort femtosecond lasers, which motivates
the terahertz time-domain systems and various applications [23-26]. As a second-order
nonlinear effect, OR can be described by DFG between different frequency components in
the same pulse, but should accommodate the broad bandwidth of the ultrashort pulses.
Therefore, group-velocity matching (GVM) is especially important for the OR process
because a large PM bandwidth is required. Small group-velocity mismatch also allows
the temporal overlapping of the pump and generated terahertz pulses for efficient OR
interactions. The coherence length for OR, taking group-velocity dispersion (GVD) into

account, is given by

I, = e , @)

dn pt
W [Mopt — Aopt d)\Zpr —nr

where 7105t and Ay are the refractive index and wavelength for the optical waves, respectively.

Considering that the interaction waves propagate along the y” axis, there are three
different types of interactions that provide non-zero d in nonlinear crystals of the 43m
point group—e—o0—0, 0—e—0, and o—o—e—in the y’0z’ principal plane from the view
of DFG. The coherence lengths with and without the applied voltage in ZnTe and CdTe
pumped by optical pulses centering at 800 nm and 1010 nm are shown in Figure 6a,b,
respectively. Basically, the coherence length is independent of polarization as well as the
birefringence induced by the voltage, because neither the optical group refractive index
nor the terahertz refractive index in Equation (4) has obvious changes. The large coherence
lengths permit both PM and GVM conditions with the crystal thickness at the millimeter
level for OR excited by ultrashort laser pulses.

Here, 2 mm-long ZnTe and CdTe crystals were used to study the effect of an external
electric field on the OR process. Although the GVM varied by the electro-optic effect is
not distinct, the PM condition is sensitive to the applied voltage, with the details shown in
Figure 7. Compared to Figure 1 without the electric field, the relative PM efficiencies of
the e—o—+0 and o—e—o interactions can be modulated to better fit shorter or longer pump
wavelengths, while those of the o—o—e interaction (whose refractive indices of two pump
waves are changed synchronously with the same polarizations) remain almost unchanged.
This is due to the fact that the angular frequency of the optical wave is around 103 times
that of the terahertz wave. Even if the value of the electric-field-induced birefringence
is in the order of 10~#, the phase mismatch Ak of the e—0o—o0 and o—e—o interactions
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is sensitive to the applied voltage whenever two optical pump beams have orthogonal
polarizations. From this aspect, a tunable electric field guarantees terahertz generation
with a wide bandwidth and minor spectrum fluctuations by better fulfilling both the PM
conditions, but not perturbing the GVM condition.
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Figure 6. Coherence lengths of different OR interactions along the i’ axis in the y’oz’ principal plane
of ZnTe and CdTe with and without an applied voltage of 6 kV: (a) ZnTe crystal pumped at 800 nm
and (b) CdTe crystal pumped at 1010 nm.
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Figure 7. Relative PM efficiency at three different polarization states of OR in [110]-cut 43m crystals
while applying a constant voltage of 6 kV: (a—c) are for ZnTe; (d-f) are for CdTe; (a,d) are the e—0—0
interaction; (b,e) are the o—e— o0 interaction; and (c,f) are the o—o—e interaction.

It should be noted that the OR process here is a combination of the three PM polariza-
tion states mentioned above. The incident pump polarization of ¢ = 45° to the i’ direction
in the y'oz’ plane can be deconstructed to e—o—o0 and o—e— o0 interactions uniformly, and
their summation would erase the PM difference introduced by the electric field. By contrast,
pure difference frequency mixing between two ultrashort laser beams with controllable
polarizations would result in a much greater benefit. As mentioned above, the PM efficiency
and bandwidth for an arbitrary pump wavelength can be flexibly tuned and effectively op-
timized by the electro-optic effect in order to produce a broadband and a smooth terahertz
spectrum, rather than a spectrum with obvious dips generated by OR [27].
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4. Conclusions

A novel method to achieve wideband collinear phase-matched nonlinear optical
frequency conversion in cubic crystals was studied in this paper. Based on the linear
electro-optic effect, birefringence is induced and the PM characteristics can be varied by
tuning the voltage of the applied electric field. The concept was detailed and its detailed
performance was evaluated by taking the terahertz generation in ZnTe and CdTe crystals as
an example. Simulation results show that tunable monochromatic terahertz waves can be
generated under perfect phase-matched DFG over a range of around 2 THz in bulk crystals
by changing only the electric field. The restriction to the pump wavelength is eliminated
and angle tuning becomes effective for further extending the terahertz frequency range.
The effect of the electric field on nonlinear interactions pumped by ultrashort laser pulses
was also investigated, which showed that the PM condition of specific polarizations of an
arbitrary pump wavelength can be tuned flexibly and optimized to generate a wideband
and flat terahertz spectrum without changing the GVM condition. This is the first practical
method for realizing collinear phase-matched widely tunable frequency conversion in
zinc-blende semiconductors. Tuning the electric field is fast and robust, with a completely
unchanged physical construction. The nonlinear crystal can also be made into a compact
and high-speed terahertz modulator in addition to a generator, based on the linear electric-
optic effect.
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