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Coherent control under two-color femtosecond laser excitation plays a significant role in atomic, molecular,
and semiconductor materials. Recently, terahertz (THz) emission spectroscopy has been employed to character-
ize the coherent ultrafast photocurrent from semiconductor materials under two-color light excitation. However,
distinguishing the contributions of various optical effects to THz radiation under normal- and oblique-incident
excitations with two-color light remains a challenge. Herein, we choose the zinc selenide (ZnSe) crystal as
a model sample to study the THz radiation at normal and oblique incidences with two-color light excitation.
Based on the dependence of the THz signal on the relative phase difference between the fundamental wave
(800 nm, w) and the second harmonic wave (400 nm, 2w), the contribution ratio of optical rectification (OR) to
four-wave mixing (FWM) for THz radiation is calculated as 1:2.3 at normal incidence. Under oblique incidence,
the contribution ratios of FWM, OR, and surface depletion field (SDF) for THz radiation are calculated as
1:1.5:6.7. In particular, we have observed the THz time-domain signals from net FWM contribution with polarity
reversal at both normal and oblique incidences. This work not only elucidates the THz radiation properties
of ZnSe crystal but also reveals the interplay among OR, SDF, and FWM in the coherent control of ultrafast

photocurrent under femtosecond laser excitations.
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I. INTRODUCTION

Coherently controlled photocurrent is essential for ad-
vancing research in the fields of atomic [1], molecular [2],
and semiconductor materials [3]. Compared to atoms and
molecules, semiconductor materials have sparked interest due
to their ability to enable coherent control in momentum
space over the amplitude and direction of photocurrents [4,5].
Recently, terahertz (THz) emission spectroscopy has been
employed to characterize the coherent ultrafast photocurrent
from semiconductor materials under two-color light excitation
[6-11], as THz emission spectroscopy technique can reveal
multiple physical information such as amplitude, polarity, and
phase. Previously, even though the coherent control of THz
radiation has been investigated in some semiconductors, in-
cluding silicon [12], GaAs [13], graphene [14], Bi,Se; [15],
and BiyS; [7], only the single four-wave mixing (FWM)
mechanism is revealed for the THz radiation under normal-
incident excitations in most reported works, which are far
from the practically applied scenarios. In fact, optical effects
induced by a single-color excitation, such as optical rectifica-
tion (OR) effect [16], photogalvanic effect [17], and surface
depletion field (SDF) effect [18], can also inevitably partic-
ipate in the process of THz radiation from semiconductors
under the two-color light excitation. The presence of these
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effects significantly impacts the elaboration of the FWM
effect and measurements of coherently controlled THz radi-
ation. It is a complicated yet interesting issue of how to distin-
guish the multiple optical effects simultaneously contributing
to the THz radiation, and realize the quantum interfer-
ence in semiconductors at both normal- and oblique-incident
excitations.

Herein, zinc selenide (ZnSe) crystal as a model semicon-
ductor is used to understand the THz radiation at normal
and oblique incidences with two-color light excitation. The
isotropic response (two fold rotational symmetry) with re-
spect to the azimuthal angle under single 400-nm (800-nm)
laser excitation is attributed to the SDF (OR) effect. Under
the two-color laser excitation, the THz peak-valley amplitude
with the pump fluence exhibits a high-order dependence under
normal incidence, while it exhibits a saturation dependence
under oblique incidence. These results indicate that the FWM
dominates THz generation of ZnSe under normal incidence,
while the SDF dominates THz generation of ZnSe under
oblique incidence. Most importantly, we have extracted the
net contribution of FWM to THz radiation and observed that
the THz time-domain signal exhibited the polarity reversal at
the relative phase differences of 7/2 and 37/2. This work not
only examines the THz radiation of ZnSe under individual
fundamental (w) and second harmonic (2w) light excitations
but also provides an effective method to distinguish multi-
ple optical effects under both normal and oblique incidences
with the two-color excitation for clear quantum interference
observation.
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FIG. 1. (a) Experimental setup for coherent control of THz generation under two-color (400+800-nm) excitation. HWP: half wave plate.
OW: optical wedges. DWP: dual-wave plate. OAP: off-axis parabolic. GTP: Glan-Taylor prism. (b) Microscopic physics of coherently
controlled photocurrent in ZnSe crystal. OPA: one-photon absorption. TPA: two-photon absorption.

II. RESULTS AND DISCUSSIONS

Figure 1(a) displays the experimental setup for coherent
control of THz generation under two-color (400+800-nm)
excitation. A Ti:sapphire regenerative amplifier (Spitfire Ace,
Spectra-Physics) generates 800-nm laser pulses with a pulse
duration of 35 fs and a repetition rate of 1 kHz. After passing
through the beam splitter, the laser beam is split into the probe
beam and the pump beam. A half wave plate (HWP) and a
Glan-Taylor prism (GTP) are used to adjust the intensity of
the probe beam. Another HWP is used to change the polar-
ization angle of the pump beam. The pump beam (800 nm,
w) passes through a S-BBO (BaB,0,) crystal to generate the
frequency doubling wave (400 nm, 2w), while a @-BBO is
used to compensate the positive dispersion. The full width at
half maxima of 800- and 400-nm pulses are 0.976 and 0.568
mm, respectively, at the focused position. The thicknesses of
the S-BBO and «-BBO crystals are 0.2 and 7.5 mm, respec-
tively. For the 8-BBO crystal, the horizontal overlap length
of the w and 2w can be described as: L, = a/tanf, where a
is the diameter of the w light; 6 is the walk-off angle that
is given by tan6 = L(n?2[(n2*)7 — (12) *]sin(26,,) =
0.056 [19]. The refraction index n?, n>®, and n>* are ob-

tained from n2 = 2.7359 + 2988 (0.013544% and n2 =

A2—0.01822
2.3753 4 292 — 0.01516A2 [20]. The 6, (29.2°) is the

angle between the w light and the optical axis. The calculated
horizontal overlap length (17.43 mm) is much larger than the
thickness of the S-BBO crystal. Hence, the walk-off effect
can be ignored. The relative phase between the fundamental
(w) and harmonic (2w) waves is controlled by the optical
wedges (OW). We experimentally determined the temporal
overlap of the w and 2w pulses in time-domain by comparing
the peak positions of the THz time-domain signals, and we
theoretically calculated the dispersion caused by every optical
component inserted in the optical path of @ pulse and 2w
pulse. When inserting the optical wedges with a thickness of
6.9 mm, the resultant positive dispersion is precisely coun-
teracted by the negative dispersion provided by the «-BBO
crystal, of which the thickness was optimized to achieve per-
fect compensation. We use a collinear two-color excitation
configuration in the THz emission experiment. As such, af-
ter passing through the B-BBO crystal, the 2w propagates
collinearly with the w. The dual-wave plate (DWP) is used to

adjust the relative polarization between the fundamental and
the second harmonic waves. The pump laser is blocked after
passing through a Teflon plate. After passing through a pair
of off-axis parabolic (OAP) mirrors, the generated THz waves
are focused onto the detection crystal ({110) ZnTe) while the
probe beam is also focused collinearly with the THz waves
onto the ZnTe crystal. Finally, the generated THz waves are
detected using the electro-optic sampling method [17]. The
single-color pump setup is depicted in Appendix A.

Figure 1(b) depicts the microscopic physics of coherently
controlled photocurrent in the ZnSe crystal (with Raman spec-
trum shown in Fig. 7 in Appendix B). Since the bandgap of
ZnSe is 2.7 eV [21,22], the photon energy of 400-nm (3.1
eV) excitation is above the bandgap and results in one-photon
absorption [6], while the 800-nm (1.55 eV) excitation with
the photon energy below the bandgap leads to two-photon ab-
sorption [23]. These two processes can result in the quantum
interference in the momentum space and further coherently
control the THz radiation by the relative phase between the
w and 2w pulses [7]. However, the observation of quantum
interference in solid state is nontrivial as many other photo-
physics processes such as OR and SDF in semiconductors can
also contribute to the THz generation, which veil the process
of quantum coherence.

Figure 2(a) shows the simplified diagram of the THz
emission in a transmission configuration, where y is the po-
larization angle of the pump beam, 6 is the incident angle,
y is the azimuthal angle of the sample. XYZ and X'Y'Z’ are
the laboratory coordinate and crystalline coordinate systems,
respectively. In order to unveil the process of quantum coher-
ence by THz emission spectroscopy, we first design the THz
generation experiments under single 800- and 400-nm excita-
tions. At the fixed pump fluences of 0.127 mJ/cm? (800 nm)
and 0.014 mJ /cm2 (400 nm), Figs. 2(b) and 2(c) present the
THz peak-valley amplitude signals as a function of the az-
imuthal angle of ZnSe crystal under single 800- and 400-nm
excitations, respectively, with red dots/circles standing for 0°
incidence and blue dots/circles for 40° incidence. The red/blue
dots with positive values represent the THz valley-peak-valley
waveforms, while the red/blue circles with negative values
represent the THz peak-valley-peak waveforms. It is evi-
dent that the THz signal under 40° incident angle (blue) is
quite larger than that under 0° incident angle (red), which is
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FIG. 2. (a) Simplified diagram of THz generation in a transmission configuration, where v is the polarization angle of the pump beam, 6
is the incident angle, y is the azimuthal angle of the sample. XYZ and X'Y'Z are the laboratory coordinate and crystalline coordinate systems,
respectively. THz peak-valley amplitude with respect to the azimuthal angle of ZnSe crystal under (b) single 800-nm and (c) single 400-nm
excitations at 0° (red) and 40° (blue) incident angles. The red/blue dots with positive values represent the THz valley-peak-valley waveforms,
while the red/blue circles with negative values represent the THz peak-valley-peak waveforms. The solid lines are fitting results. (d) Pump
fluence dependence of the THz peak-valley amplitude under the single 800-nm (red) and 400-nm (blue) excitations. The solid lines are fitting

results.

already magnified by a factor of 4 for clarity under nor-
mal incidence in Figs. 2(b) and 2(c). As a comparison,
the azimuthal angle dependence of THz signal demonstrates
an obvious twofold rotational symmetry under the 800-nm
excitation, while that under the 400-nm excitation exhibits
isotropic response. This difference can be observed at both
0° and 40° incidences, which suggests the different THz
generation mechanism under different wavelength excitations.
Usually, the azimuthal angle dependence of THz signal be-
low the bandgap excitation demonstrates nonlinear optical
response determined by the crystal symmetry of semicon-
ductors. For example, the MoS; [16] and SnS, [24] display
a threefold rotational symmetry on the azimuthal angle as
they belong to 3m point group, which are attributed to the
second-order nonlinear optical response (so-called OR). Ac-
cording to the 43m point group of ZnSe, the THz peak-valley
amplitude based on the OR model is described as (details in
Appendix D):

Ety, x Asin2y + Bsin(y + 7 /4) 4+ C, ()

where the y represents the azimuthal angle of ZnSe as
shown in Fig. 2(a). The constants A and B are related to the
nonlinear susceptibility, while the constant C is independent

on the nonlinear susceptibility. The theoretical results are in
good agreement with the experimental results as shown in
Fig. 2(b). Hence, the dominant THz radiation of ZnSe is
mainly attributed to the OR under below-bandgap excitation
[25]. However, the physical process is complicated under
above-bandgap excitation as other optical effects would par-
ticipate in the THz radiation, such as photogalvanic effect
sensitive to the azimuthal angle and SDF insensitive to the
azimuthal angle [26]. In Fig. 2(c), the isotropic response of
the THz peak-valley amplitude dependence on the azimuthal
angle suggests that the SDF dominates the THz radiation [27].
To our understanding, the thermal effect generally dominates
for THz radiation in thermoelectric materials, such as Bi, Tes-
based compounds [28] and layered cobaltite Ca,CoO, [29],
while the ZnSe crystal does not belong to the category of
thermoelectric materials. Besides, the thermal effect depends
on the generation of transient thermal gradients, which can be
created by the thickness gradient of the sample and further
generate thermoelectric current through the Seebeck effect
[30]. However, the surface of the ZnSe crystal is uniformly
flat without any thickness gradient, which can hardly form
temperature gradient. Hence, the thermal effect has a negligi-
ble contribution to the THz radiation in the ZnSe crystal. The
photo-Dember field-induced surface voltage is described by
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FIG. 3. THz time-domain signals of ZnSe with a fixed azimuthal angle at 0° under single 400-nm (blue), single 800-nm (red), and 400+800-
nm (purple) excitations at (a) normal and (b) oblique incidences. (c) Pump fluence dependence of the THz peak-valley amplitude under the
400+800-nm excitation (normal incidence: purple; and oblique incidence: rose red). The dots are experimental results and the solid lines are

fitting results.

the following equation: Vp = ]%Zf} In(1 + %), where
b = e/ is the mobility ratio of the electrons (u.) to holes
(un); no and pg are the initial density of the electrons and holes
[31], respectively. As such, the photo-Dember field generally
dominates the THz emission in narrow-bandgap semiconduc-
tors with a large b. For example, the photo-Dember field is
the primary mechanism for the THz radiation in InAs with
b~ 125 and InSb with b~ 95 [31]. However, the carrier
mobilities of the electrons and holes in ZnSe crystal are
260 cmz/Vs [32] and 26.8 cmz/Vs [21], respectively, which
induce a much smaller b. Hence, the photo-Dember effect is
not the dominant THz emission mechanism in ZnSe.

To further determine the THz radiation physical mech-
anism of ZnSe under single 800- and 400-nm excitations,
we investigate the dependence of THz peak-valley amplitude
on the pump fluence as presented in Fig. 2(d). Under single
400-nm (from 0.028 to 0.140 mJ/cm?) and 800-nm (from 0.07
to 0.35 mJ/cm?) excitations, the THz peak-valley amplitude
remains a positive value as the pump fluence increases. It indi-
cates that the polarity of the THz waveforms does not reverse
with the increasing pump fluence. With the pump fluence in-
creasing, the THz peak-valley amplitude demonstrates linear
increase under single 800-nm excitation (red dots), while the
THz peak-valley amplitude exhibits saturation under single
400-nm excitation (blue dots). The linear dependence with the
pump fluence can be fitted well by a linear function, which
is a feature of a second-order nonlinear optical effect as the
THz electric field (Ety,) is quadratically proportional to the
incident laser field (E;,) [16] as

ETHZ X X(Z)EinEinv (2)

where x® represents the second-order nonlinear suscepti-
bility. This further confirms that the OR dominates the THz
radiation in the pump fluence region from 0.07 to 0.35 mJ/cm?
under single 800-nm excitation [25]. On the contrary, the
pump fluence dependence of THz radiation under single 400-
nm excitation can be well fitted by [33,34]:

Etn, < Dby, /(I + Lsa), 3)

where D is the scaling factor; the I, and I, are the pump
fluence and saturation pump fluence of 400-nm excitation,

respectively. The saturation occurs due to the accumulation
of photoexcited carriers on the surface under high excitation,
resulting in the electrostatic shielding of SDF [27,35]. This re-
sult further suggests that the SDF dominates the THz radiation
under single 400-nm excitation.

To suppress the effects of OR and SDF, the azimuthal
angle of ZnSe is fixed at 0° (Fig. 2), where their contri-
butions are minimal, while the quantum interference under
400+800-nm light excitation would take the dominant posi-
tion. In this scenario, the THz generation resulting from the
third-order nonlinear optical effect under two-color excita-
tion can be ready to be detected. The pump fluences of the
400-nm, 800-nm, and 400+-800-nm pulses are 0.014 mJ/ cm?,
0.127 mJ/cm?, and 0.141 mJ /cm?, respectively. Their corre-
sponding peak power densities are 4.0 x 10'2 W/m?, 3.6 x
10"* W/m?, and 4.0 x 10'> W/m?. Figure 3(a) displays the
THz time-domain waveforms under 400-nm (blue), 800-nm
(red), and 400+800-nm (purple) pump pulse excitations under
the same experimental condition at normal incidence. It is
evident that the THz time-domain signal under 400+800-nm
excitation is quite larger than those under single 800-nm
and 400-nm excitations. Similarly, when the incident an-
gle is 40°, the THz time-domain signal under 400+800-nm
(0.141 mJ/cm?) excitation is also larger than those under
single 800-nm (0.127 mJ /cm?) and 400-nm (0.014 mJ/cm?)
excitations as shown in Fig. 3(b). Compared with the 800-nm
excitation, a 8-BBO crystal and a filter have been added into
the 400-nm excitation path, and a 8-BBO crystal has been
added into the 400+-800-nm excitation path, as shown in
Figs. 1(a) and 6 (Appendix A). In fact, the time delay between
the 800-nm and 400+800-nm pulses is induced by the 5-BBO
crystal and the time delay between the 400-nm and 400+4-800-
nm pulses is induced by the filter. To make a clear comparison
of the time-domain signals between the 400-nm and 800-nm
pulses, we have subtracted the long time delay induced by the
filter and B-BBO crystal at the 400-nm excitation during the
data processing. Hence, the time delay of the THz emission
signal between the 400+800-nm and the 800-nm excitations
is caused by the §-BBO crystal. Figure 8 (Appendix C) shows
the corresponding frequency-domain THz spectra of the ZnSe
crystal under the same excitation conditions. The bandwidths
of THz spectra are 1.0, 1.2, and 1.3 THz under 400-nm
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(blue), 800-nm (red), and 400+800-nm (purple) excitations,
respectively. The broader THz bandwidth under 400+800-nm
excitation is ascribed to more frequency mixing combinations
compared to that of the single-color excitation [11].

Usually, the second-order nonlinear optical effect such as
OR under the single-color excitation is hardly observed in
centrosymmetric materials and only the single FWM mech-
anism is revealed for the THz radiation under normal-incident
excitations such as BiySes [15], Bi»S3 [7], ITO films [9], and
so forth. However, the competition between the OR, SDF, and
FWM effect would emerge under oblique incidence, which
would be difficult to be distinguished. To further verify the
contributions of OR, SDF, and FWM effects to the THz gen-
eration under the 400+800-nm excitation, we investigate the
dependence of the THz peak-valley amplitude on the pump
fluence (from 0.014 to 0.140 mJ/cm?) under both normal
and oblique incidences as shown in Fig. 3(c). Under the
4004-800-nm excitation, the THz peak-valley amplitude re-
mains positive value as the pump fluence increases, indicating
that the THz waveform polarity does not reverse with the
increasing pump fluence. When the pure FWM effect domi-
nates THz generation, the THz peak-valley amplitude shows a
high-order dependence on the pump fluence [9,11]. However,
in our experiment, the THz peak-valley amplitude displays a
saturation dependence with the pump fluence under two-color
oblique incidence, suggesting the activation of other optical
effects to compete with the FWM effect. According to the net
FWM model, the THz amplitude can be described by [14,36]

Ern, o 8j/3t = 25V EXE*Ey, sin (Ap), 4)

where E,, and E,,, represent the electric field of the w and 2w;
the x ® represents the third-order nonlinear susceptibility; Ag
is the relative phase difference between the w and 2w waves.
Considering the OR, SDF, and FWM to the THz generation
in ZnSe crystal, the THz electric field can be simplified as
follows (details in Appendix E):

Etn, < al + b’ + f1/(gl + L), (©)

where the a, b, f, and g are related to the constants and
nonlinear susceptibility. The three items from left to right
represent the contributions of OR, FWM, and the SDF to THz
radiation, respectively. After fitting with Eq. (5), the contribu-
tion ratio of the OR to FWM is approximate 1:2 under normal
incidence, while the contribution ratios among the OR, FWM,
and SDF are approximate 1.7:1:4.2 under oblique incidence.
These fitting results demonstrate that the FWM dominates
THz generation of ZnSe under normal incidence, while the
SDF dominates THz generation of ZnSe under oblique in-
cidence. Furthermore, we have demonstrated experimentally
and theoretically that in the FWM model, the THz amplitude
has a quadratic dependence on the fluence of the 800-nm laser
(see detailed calculation in Appendix E).

In order to complementarily confirm the interplay between
the OR, SDF, and FWM effects to THz generation in ZnSe,
we have investigated the dependence of the THz amplitude
on the relative phase difference between » (800-nm) and 2w
(400-nm) waves at normal incidence and oblique incidence
as displayed in Figs. 4(a) and 4(b), respectively. As a com-
parison, the THz amplitude shows a slight positive shift from
the zero axis at normal incidence, while the THz amplitude

exhibits a significant shift away from the zero axis at oblique
incidence, as indicated by the purple arrows. Under the two-
color excitation, when the THz generation is attributed to pure
FWM effect [(Eq. (4)], the dependence of the THz peak-valley
amplitude on the relative phase difference should exhibit a
sine symmetry distribution with the zero axis as seen in Bi;Ses
[15], Bi,S3 [7], and ITO films [9]. However, if other optical
effects are activated, the sine symmetry with the zero axis
would be broken, as previously observed in InAs [8] and
ZnTe [10]. In this scenario, the dependence of the THz peak-
valley amplitude on the relative phase difference Ag can be
described as follows:

Ery, & 2x P EXEXE,, sin (Agp) + G, (6)

where the G is a constant related to other optical effects and
it is insensitive to the relative phase difference between w
and 2w waves. The results can be fitted well by Eq. (6), as
shown in Figs. 4(a) and 4(b). Hence, the THz signal shifts
observed at normal incidence is ascribed to OR, while that
at oblique incidence originates from the combined effects
of OR and SDF. Both THz amplitude shifts are insensitive
to the relative phase difference between w (800-nm) and
2w (400-nm) waves. In order to portray the THz generation
from each origin individually, we define the Cor, Crwm, and
Cspr to represent the THz time-domain peak-valley amplitude
that are induced by the OR, FWM, and SDF, respectively.
We first extract the THz time-domain waveforms at relative
phase differences of /2 (red line) and 37/2 (blue line) un-
der normal [Fig. 4(c)] and oblique incidences [Fig. 4(d)].
According to Eq. (6), FWM and OR provide a constructive
contribution to the THz generation at a phase difference of
/2 and a destructive effect of 37/2 with the reversal po-
larity of THz time-domain waveforms. Therefore, the THz
time-domain waveforms with the relative phase difference
at /2 and 37/2 under normal incidence [Fig. 4(c)] can be
described as: Cor + Cpwm and Cor — Cpwm, respectively.
The contribution of the THz generation that comes from
the OR (purple line) can be obtained by calculating the
((Cor — Cewm) + (Cor + Crwm))/2. The contribution of the
net FWM (orange line) to THz generation can be obtained
by calculating the ((Cor + Crwm) — (Cor — Crwm))/2. The
calculated result in Fig. 4(c) shows the contribution ratio
between the OR and FWM is approximate 1:2.3. Similarly,
under the oblique incidence [Fig. 4(d)], the THz time-domain
waveforms with relative phase difference at /2 and 37/2 are
described as: Cor + Cspr + Crwm and Cor + Cspr — Crwmm-
We directly extract the THz radiation from net FWM contri-
bution with A¢ = /2 by ((Cor + Cspr + Crwm) —(Cor +
Cspr — Crwm))/2, while that with Ag = 37/2 is calculated by
((Cor + Cspr — Crwm) —(Cor + Cspr + Crwm))/2. Based on
the contribution of the OR under normal incidence, the contri-

bution of the OR under the oblique incidence can be calculated
oblique

[the purple line in Fig. 4(d)] by Erp_or ® E;‘,’;;“EIOR/COS 40°
[24], where the Epo;a¢ . and Eporm . are THz radiation
due to the OR under oblique and normal incidences, re-
spectively. Finally, the contribution of the SDF (green line)
to the THz radiation can be obtained by ((Cor + Cspr +
CrwMm) — (Cnetor + Cnetrwm))- After the calculation, the re-
sult shows the contribution ratios among the OR, FWM, and
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FIG. 4. THz peak-valley amplitude with the relative phase difference between » (800-nm) and 2w (400-nm) light at (a) normal and (b)
oblique incidences. The dots and lines present the experimental and fitting results, respectively. (c), (d) The red and blue lines represent the
THz time-domain signals with the relative phase difference at /2 and 37/2 (upper). The purple, orange, and green lines represent the THz
generation from the net OR, FWM, and SDF effects, respectively (bottom).

SDF are approximate 1.5:1:6.7. These experimental results
are in agreement with the pump fluence-dependent fitting
results. In addition, after removing the net OR and SDF contri-
butions, we have investigated the dependence of the net FWM
on relative phase difference. As shown in Fig. 5, we observe
the THz time-domain signal with a polarity reversal and al-
most the same amplitude at the phase differences of 7/2 and
37/2, no matter the ZnSe is excited under normal [Fig. 5(a)]
or oblique incidence [Fig. 5(b)]. This time-domain THz
waveform polarity reversal with Ag is the feature of quan-
tum interference in momentum space due to the simultaneous
one-photon and two-photon absorptions [4]. This result also
indicates that quantum interference can be veiled by other
multiple optical effects, which need to be handled with pa-

tience. Furthermore, we have also obtained the THz electric
field as 1.92 x 10* V/m, and the THz emission efficiency per
length is approximately 2.7 x 10° V/J under the 400+800-
nm excitation at the fixed pump fluence of 0.140 mJ/cm? (see
detailed calculation in Appendix F).

III. CONCLUSION

In summary, we have studied the photophysics mechanism
of the THz radiation from ZnSe crystal under single 800-nm
(w), single 400-nm (2w), and 4004-800-nm laser excitations,
which are ascribed to the OR, SDF, and FWM effects. Their
net contributions to the THz radiation can be distinguished by
the characterization of the azimuthal angle dependence, pump
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FIG. 5. THz time-domain waveforms originating from net FWM when the phase difference between the @ (800-nm) and 2w (400-nm)
waves is /2 (red) and 37/2 (blue) under (a) normal incidence and (b) oblique incidence of the pump beam.

fluence dependence, and relative phase difference between the
o and 2w waves under both normal and oblique incidences.
The quantum interference with the signal feature of a polarity
reversal at the phase differences of /2 and 37/2 is clearly
observed under both normal and oblique incidences. This
work not only elucidates the THz radiation properties of ZnSe
crystal but also affords a tool to distinguish different optical
effects in semiconductors for coherent control of ultrafast
photocurrents by THz emission spectroscopy.
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APPENDIX A: EXPERIMENTAL SETUP OF
SINGLE-COLOR LASER EXCITATION

Figures 6(a) and 6(b) are the schematic diagram of sin-
gle 800-nm and single 400-nm laser excitation, respectively.
Compared to the experimental setup at 800-nm excitation, the
400-nm laser pulse is produced by the frequency-doubling
process of the 800-nm laser pulse after passing through a
B-BBO crystal and the residual 800-nm pulse is filtered out
through a short-pass filter as shown in Fig. 6(b).

Detector

(@)

OAP2

HWP gLt /’
Probe beam Teflon
ow DWP
a-BBO - OAP1
Pump beam )
ZnSe

HWP

APPENDIX B: RAMAN SPECTRUM OF ZnSe CRYSTAL

The p-type of ZnSe crystal with an orientation of (001)
and a flat polished surface is commercially provided by Heifei
Kejing Materials Technology Company. Figure 7 displays the
Raman spectrum of the ZnSe crystal (0.5 mm) excited with a
532-nm laser. The SmartRaman confocal micro-Raman mod-
ule, developed by the Institute of Semiconductors, Chinese
Academy of Sciences, was used for the Raman measurement.
The optical image of ZnSe crystal is presented in the inset
of Fig. 7. Two characteristic peaks are observed at 201 and
248 cm~!, corresponding to the transverse optical and longi-
tudinal optical phonon modes [37-39]. Raman spectroscopy
is used to characterize whether the ZnSe crystal is oxidized.
Our measurements indicate that the Raman spectrum of ZnSe
crystal does not contain oxidation peaks [40].

APPENDIX C: FREQUENCY-DOMAIN SIGNALS OF ZnSe
AT OBLIQUE INCIDENCE

Figure 8 shows the corresponding frequency-domain
THz spectra of the ZnSe crystal after the Fourier
transformation. The bandwidths of THz spectra are 1.0, 1.2,
and 1.3 THz under single 400-nm (blue), single 800-nm (red),
and 400+800-nm (purple) excitations, respectively.

(b) Detector
OAP2
HWP GTP
Teflon
Probe beam ow DWP
p-BBO _ %BBO - OAP1
A -
\ T
Pump beam %%% ZnSe
. L‘ |
R
HWP Filter

FIG. 6. Schematic diagram of (a) single 800-nm and (b) single 400-nm laser excitations.
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FIG. 7. Raman spectrum of ZnSe crystal excited with a 532-nm
laser. Inset: optical image of ZnSe crystal.

APPENDIX D: THz RADIATION DEPENDENCE ON ZnSe
CRYSTAL AZIMUTHAL ANGLE

The THz electric field induced by the OR effect
is described as: FEry, o 82P/3t> [24]. The nonlinear
polarization P is described as follows: Pi(z)(Q) =
Zsoxi(/_f)eff(ﬂ, o+ Q, —w)Ej(w+ Q)E (w) [16], where the
ok

Xlg_f)eff is the effective second-order nonlinear susceptibility
tensor;  is fundamental frequency, and €2 is the THz
radiation frequency. According to the 43m point group of
7ZnSe, the nonzero elements of the second-order nonlinear

incident angle=40° 400 nm
800 nm
0.1 400+800 nm|
-~
2
<
-’
-
5 0.01f
=
=
g
<
N L
= 0.001
[
1E—4 o 1 1 1
0 1 2 3 4

Frequency (THz)

FIG. 8. Frequency-domain signals of ZnSe under single 400-nm
(blue), single 800-nm (red), and 400+800-nm (purple) excitations at
40° oblique incidence.

(2)eff
ijk

susceptibilities x are shown as follows:

: 0 0 0 dg 0 0
di=x®T0 0 0 0 ds 0 (1)
2 00 0 0 0 dig

The establishment of the laboratory coordinate system
and the crystalline coordinate system is the same as that in
Ref. [41]. The electric field can be obtained by rotating the
plane of X’Y” along the Z’ axis for y (the azimuthal angle of
the ZnSe crystal):

Ex cos y siny 0]]|E;
Ey | =|—siny cosy O]|E,
E; | 0 0 L] E:
[ cosy siny 0| [—Eocosy cosé
=|—siny cosy O Eysiny
i 0 0 1_ i Eycosyrsinf
[ —Ej cos ¥ cos @ cosy + Eysin siny
= | Epcosrcosfsiny + Epsinyycosy |, (D2)
i Epcosysin6

where the ¥ and 6 are the polarization angle and incident
angle of the pump laser, respectively. Herein, we fix the Y =
0° and the & = 40° (0°) to investigate the azimuthal angle
dependence. Then the nonlinear polarization is obtained as
follows:

B
Ep
Py 0 0 0 da 0O 0 B2
P=|P|=26|0 0 0 0 dps O z
P, 0 0 0 0 0 dyl|l|2ErEz
2EZEx
| 2ExEy |
dissin 2y
=gg| 2dpssiny (D3)
2ds6 cos y

Hence, the THz electric field can be obtained as follows:

Ery, xAsin2y + Bsin(y +n/4) + C. (D4)

The A and B are the constants related to the nonlinear
susceptibility, while the C is a constant independent on the
nonlinear susceptibility. The blue dots in Fig. 2(b) are well
fitted by using Eq. (D4).

APPENDIX E: THz PEAK-VALLEY AMPLITUDE
DEPENDENCE ON THE PUMP FLUENCE UNDER
400+800-nm EXCITATION

According to the net FWM model, the THz amplitude is
described by [14,36]

Ery, < /3t = 2x P EXEXEy, sin (Ag), (E1)

where the E,, and E,,, represent the electric field of the @ and
2w; the x® represents the third-order nonlinear susceptibil-
ity; Ag is the relative phase difference between the w and 2w
waves. Since the 1, Eaz, and b, Ezzw the THz electric field
originating from net FWM is described as: Ery, o I,I!/%.
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Based on the experimental situation, the I is the total pump
fluence before the 8-BBO; « is the conversion efficiency of
the B-BBO. Hence, the electric field of the w and 2w are
described as follows: (1-«) I and o, respectively. Based on the
above discussions, the pump fluence (1-«¢) 7 would be divided
into two parts: one part is used to participate in the process
of OR, denoted (1-«) 1/, and the remaining part is used to
participate in FWM, denoted as (1-«) (1-n) I. Similarly, the o/
would be divided into two parts: one part is used to participate
in the process of SDF, denoted «&/, and the remaining part is
used to participate in FWM, denoted as «(1-£) I. The n and &
are scaling factors. Considering the contributions of OR, SDF,
and FWM to THz generation of ZnSe crystal, the generated
THz electric field of ZnSe crystal can be described as follows:

Emn, o x P —aml + xP(1 —a)(1 — I(1 — &)al'?
+ Fa&l/(a&] + Iy), (E2)

where F is scaling factor and I is the saturation pump flu-
ence of 400-nm light due to the accumulation of photoexcited
carriers on the surface under high excitation. Then the THz
electric field is simplified as

Etn, < al + br’? + f1/(gl + L), (E3)

where the a, b, f, and g are related to the constants and
nonlinear susceptibility terms as

a=x?1 —a)n,

b= P —a)1 =)l - &),
f =Fuag, (E4)
g=cakt.

In our experiment, the 2w light is generated via a second
harmonic generation process when the w light passes through
the B-BBO crystal. Then the electric field of the 2w can be
described by E,,, o« x ?E,E,. Therefore, in the FWM model,
the THz amplitude with respect to the w light can be de-
scribed by Ery, o 2x ¥ x P E*EXE,E,, sin(Ag), suggesting
a quadratic dependence of the THz signal on the pump fluence
I of the w light. In order to confirm this deduction, we have
measured the THz peak-valley amplitude with respect to the
increasing pump fluence of the 800-nm light, as shown in
Fig. 9. It is evident that the THz amplitude presents quadratic
dependences under both normal- and oblique-incident excita-
tions, which can be fitted well by quadratic functions.

incident angle=0°
incident angle=40°

Experiment
0.4 ® Experiment

Fitting
Fitting

0.2 |

THz paek-valley amplitude (a.u.)

_0.1 1 L L
0.00 0.04 0.08 0.12

Pump fluence (mJ/cm?)

FIG. 9. Pump fluence dependence of the THz peak-valley am-
plitude under 800-nm excitation in FWM model (normal incidence:
purple; oblique incidence: rose red). The dots and solid lines repre-
sent experimental and fitting results, respectively.

APPENDIX F: THE THz ELECTRIC FIELD AND THz
EMISSION EFFICIENCY OF ZnSe

The thickness of the ZnSe crystal is 0.5 mm, which is sup-
plied by the Heifei Kejing Materials Technology Company.
The THz time-domain signal is detected by the electro-optical
sampling technique. Thus, we use the absolute value of the
THz electric field to characterize the optical-to-THz conver-
sion efficiency as follows [42]:

Al . (,()I’l3ETHZI‘41 L

; (FI)
I probe c

where the nonzero electro-optic coefficient (ZnTe) ry =
3.9pm/V; the refractive index of the ZnTe detection crystal
at 800 nm is n = 2.8 and its length is L = 2 mm; ¢ and w
are the speed of light and the circular frequency of the probe
light. In the experiment, lyope is 0.6 1A, and the measured
electric signal from the Lock-in amplifier is Al = 0.16nA.
Therefore, we can calculate the peak value of the THz electric
field from ZnSe crystal as Epy, = 1.92 x 10* V/m under the
4004-800-nm excitation. Then the THz emission efficiency (£)
per length can be calculated as [43]

£ = | Bl /Fpumpd = 2.7 x 10°V/1J, (F2)

where Fpump is the pump fluence (0.140 mJ /em?) and d is the
thickness of the ZnSe crystal.
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