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ABSTRACT Quasi-phase matching optical parametric oscillators (OPOs) are widely used for mid-infrared
laser generation. However, the traditional OPO bulk material using high voltage electric field poling limits
the flexibility of the poling period. In this paper, we propose a novel OPO design based on all-optical poled
silicon nitride, allowing for adjustable poling period. Two OPO design schemes are presented, each offering
unique advantages in terms of operational characteristics and performance. The output characteristics of
the OPO are investigated in three modes: OPO pump tuning, poling fundamental wave (PFW) tuning, and
OPO pump tuning and PFW tuning with the same laser. For OPO pump tuning, the OPO achieves output
wavelengths of 3.319-5.265 pum and 2.225-3.769 um with PFW wavelengths of 1450 nm and 1700 nm. For
PFW tuning, the OPO produces output wavelengths of 5.502-3.722 um and 5.497-3.577 pum using OPO
pump wavelengths of 1310 nm and 1654 nm, respectively. Furthermore, for OPO pump tuning and PFW
tuning with the same laser, the OPO generates output wavelengths ranging from 5.504 um to 3.941 um
with OPO pump and PFW wavelengths ranging from 1.420 pm to 1.610 pm. This new OPO design offers
enhanced flexibility in controlling the poling period for efficient mid-infrared laser generation.

INDEX TERMS Optical parametric oscillator, periodically poled, silicon nitride, optical frequency conver-
sion, infrared.

I. INTRODUCTION

Optical parametric oscillator (OPO) is widely used to gen-
erate mid-infrared lasers, to achieve differential absorption
of substances or components, and for quantum communica-
tion [1], [2], [3].

In order to increase the coherence length in OPO and
improve the efficiency of nonlinear frequency conversion,
the interacting waves are usually required to meet the phase
matching condition [4]. Phase matching generally includes
birefringent phase matching (BPM) and quasi-phase match-
ing (QPM). Compared to birefringent phase matching, QPM
makes fuller use of the effective nonlinear coefficient of the
nonlinear crystal, places less restriction on the poling state
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of the wave, has no optical walk-off effect, etc. [5], [6], [7].
In order to achieve QPM, we often need to use periodic
poling glasses, which are generally prepared by using a high
voltage electric field poling method. However, the electric
poling technique, which is currently the most widely used
means of poling [8], [9], [10], [11], still has some limi-
tations, such as the inability to modify the poling period
again after setting up the OPO [12], and the experimental
conditions are complex so we would prefer a simpler all-
optical environment. It is worth noting that silicon nitride
glasses can generate second-order nonlinearity by high-light
irradiation. In addition, silicon nitride has a high Kerr non-
linear coefficient [13], wide transparency from the visible
to the mid-infrared, a weak stimulated Brillouin scattering
gain [14] and a low optical loss [15], [16]. Therefore, we pro-
pose an all-optical poling method to construct OPO utilizing
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silicon nitride. We investigate the mechanism of second-order
nonlinear coefficient generation in all-optical poled silicon
nitride as an OPO bulk material, provide limits on the wave-
length range of the poling fundamental wave (PFW), and
calculate the tuning characteristics of the PFW to the poling
period. Furthermore, we propose two OPO design schemes
based on the environmental characteristics under all-optical
poling and perform a quantitative analysis of the tuning of
the OPO using PFW and OPO pump.

Il. THEORETICAL ANALYSIS

A. SECOND-ORDER NONLINEARITY GENERATION

As an isotropic material, silicon nitride has a number of
defects formed by Si-Si bonds which act as traps for elec-
trons [17]. When irradiated by poling light, electrons in
the center of the defects are excited, forming asymmetric
photoelectron emission and inducing the coherent photoelec-
tron effect [18], [19], [20]. Due to the quantum interference
between multiphoton absorption processes in the two waves,
electrons are emitted preferentially in space, resulting in pho-
tocurrent [17]:

Jon = BE* (@) E* Q) exp (=i (ks — 2kf) x) +c.c. (1)

where g is the photogalvanic coefficient, E (w) and E* Qw)
are the local electric fields of the PFW and poling second
harmonic wave (PSHW), respectively, k; and kg, are the
wavevectors of the corresponding waves, and c.c. is the com-
plex conjugate.

The exponential term represents the coherent nature of the
process and leads to a periodic separation of charges in space.
As a result, charges migrate in a preferred direction, giving
rise to a spatial DC electric field Epc, as shown in (2). Finally,
the x® grating, which is caused by mixing of third-order
susceptibility and DC electric field, as shown in (3):

Epc = —jp/o 2
x@ =3xPEpc 3)

where o is the photoconductivity, proportional to the total
density of carriers promoted to the conduction band, y®
is second-order susceptibility tensor, and x® is third-order
susceptibility tensor.

According to (1), a three-photon absorption consisting
of 2 PFW photons plus 1 PSHW photon generates some kind
of spatial distribution related to phase matching (ksh — Zkf),
and naturally the second harmonic generation process of
all-optical poling is a QPM process. This automatic QPM
allows for the conversion of optical parameters in a specific
direction. At this point the poling period coincides with the
spatial distribution pattern of the Epc and is twice the coher-
ence length of the PSHW and the PFW. This automatic QPM
has been demonstrated by many studies [20], [21], [22], [23].
In addition, researchers have found that the poling period
can be erased using high-energy photons, after which the
material returns to isotropy and no longer has second-order
nonlinearity [22].
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B. SETTING OF THE PFW WAVELENGTH

The energy band gap of silicon nitride E is about 4.6 eV,
and defects associated with Si-Si bonds act as electron traps
within the band gap, with energy levels located above the
valence band at 0.9-1.7 eV as the donor level Ej, electron
trap energy levels located 1.2-1.7 eV below the conduction
band as the acceptor level E», The energy difference between
the donor level and acceptor level is AE [17]. Therefore, the
electron from the center of the defect enters the conduction
band in two steps: in the first step, the electron enters the
acceptor level at an energy of just AE, which requires the
absorption of 2 PFW photons or 1 PSHW photon; in the
second step, the electron enters the conduction band from
the acceptor level at an energy of more than E», this process
requires the absorption of a further I PSHW photon or 2 PFW
photons.

Therefore AE needs to satisfy:

AE = 2hvy = 2hc/M\p “)

where £ is Planck’s constant, c is the speed of light, and vy is
the PFW frequency, and Ay is the PFW wavelength.

Thus when AE satisfies condition (5), the silicon nitride
can produce a nonlinear coefficient.

E, < AE < 2E, 5)

For the lower limit, since the 2 PFW photons and 1 PSHW
photon have the same energy, the energy of the PFW (i.e.,
AE) should be no less than E; in the second step, allowing
the electrons to enter the conduction band smoothly; for the
upper limit, because the absorption of 1 PFW photon does
not satisfy QPM (ksh — 2kf), and no second-order nonlinear
coefficient can be generated. Therefore, E; must not be so
small that the electrons can reach the conduction band after
absorbing the energy of only 1 PFW photon (i.e., 1/2AFE) in
the second step and thus destroy the poling process.

Since the energy gap E and Ep, E;, AE satisfy the
relationship:

Ei+E,+AE=E (©)

The wavelength range of the PFW A can therefore be
obtained from (4) (5) (6), as shown in Fig. 1.

3hc e < 4hc )
" 7
4.6 — E; f_4.6—E1
2hc 2hc
(3

3.4 — E 2.9 — Ej

As can be seen in Fig. 1, the upper limit of the PFW wave-
length Asincreases from 1.240 um to 1.710 pm and the lower
limit of the PFW wavelength Ay increases from 1.005 pm to
1.459 pm in the silicon nitride transparent range as the donor
level E; increases from 0.9 eV to 1.7 eV. Thus, when using
all-optical poling, the PFW wavelength A; can be set at 1.005-
1.710 pm.
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FIGURE 1. PFW wavelength )¢ as a function of donor level E;.
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FIGURE 2. Variation of poling period A with PFW wavelength A¢.

Based on the principle of QPM [24], the poling period A

can be calculated:

Af
2 (ngn — ny)
where ny is the refractive index of PFW, and ng, is the
refractive index of PSHW.

The poling period Aof silicon nitride varies with the PFW
wavelength) s, as shown in Fig. 2. It can be seen that as the
PFW wavelength A increases from 1.005 um to 1.710 pm,
the poling period A increases from 10.212 um to 29.527 pm.

It suggests that, compared to conventional periodic poling
glasses, the poling period of silicon nitride can be tuned not
only by conventional electrical poling methods, but also by
the application of PFW, providing an alternative means of
tuning the material.

A= C))

IIl. RESULTS AND DISCUSSION

For conventional periodic poling glasses, the main ways of
achieving the tuning of the output wavelength are: period tun-
ing, angle tuning, temperature tuning, and tuning that changes
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FIGURE 3. Diagram of all-optical poled OPO constructed using distinct
lasers.

Signal

the wavelength of the pump. As silicon nitride glasses are
subjected to all-optical poling, PFW can influence poling
period, and then can affect the tuning of signal and idler.
The gain of the OPO is derived from the interaction between
waves, and the system should satisfy energy and momentum
conservation [24]. Two equations are used to describe this
process:

| =

LoDy o
Ao hs A
2xn, 2mng  2mn; 27
— — —— =0 (11
A Ag Ai A

where A, is the OPO pump wavelength, A, is the OPO signal
wavelength, A; is the OPO idler wavelength, n, is the OPO
pump refractive index, ny is the OPO signal refractive index
and n; is the OPO idler refractive index. The conversion
efficiency of signal and idler is related to the length of the
bulk material.

For OPO pump and PFW tuning, the OPO signal wave-
length and the OPO idler wavelength can be calculated by
coupling equations (9), (10) and (11).

In order to implement an all-optical OPO with silicon
nitride bulk material, there are two ways to generate PFW
and OPO pump: using a single laser or using two distinct
lasers. To demonstrate the feasibility of these two approaches,
we present the schematic diagrams for each case and pro-
vide a detailed analysis of the tuning characteristics for each
method.

A. ALL-OPTICAL OPO CONSTRUCTED USING DISTINCT
LASERS

When utilizing a bulk material of silicon nitride as the non-
linear material in an all-optical OPO, where the PFW and
OPO pump are generated by distinct lasers, the device con-
figuration of the OPO is depicted in Fig. 3. The PFW laser
emits PFW, which enters the silicon nitride through reflection
mirrors M1 and M2”. This causes the silicon nitride to gen-
erate a periodic second-order nonlinear coefficient. The pump
laser emits OPO pump, which enters the OPO cavity and
generates OPO signal and idler. The silicon nitride has OPO
cavity mirrors M1’ and M2’ at both ends, which are coated
with high-reflectivity coatings for the OPO signal and idler
and high-transmittance coatings for the OPO pump, PFW,
and PSHW. The OPO emits laser light, mainly comprising
PFW, PSHW, OPO pump, OPO signal, and OPO idler. Filters
M1, M2, and M3 can filter out PFW, PSHW, and OPO pump,
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FIGURE 4. (a) Variation of OPO signal wavelength 15 and idler wavelength
; with pump wavelength 1, for a PFW wavelength i; of 1450 nm.

(b) Variation of the OPO signal wavelength s and the idler wavelength 1;
with the pump wavelength 1, for a PFW wavelength ¢ of 1700 nm.

respectively. The beam splitter M separates the OPO signal
and OPO idler.

In this case, the wavelength of the pump and the PFW are
not related, and the wavelength can be set in a large range,
which makes the tuning of OPO more flexible.

1) OPO PUMP TUNING

When the PFW wavelength Ay is fixed, the OPO signal wave-
length A and the idler wavelength X; can vary with the pump
wavelength A,. When the PFW wavelength Af is 1450 nm
and 1700 nm, the OPO signal wavelength A; and the idler
wavelength A; vary with the pump wavelength A, as shown
in Fig. 4. When the PFW wavelength Ay is 1450 nm, the OPO
pump wavelength A, increases from 0.730 um to 2.000 pm,
the signal wavelength A increases from 1.051 pum to 3.885
pm with a tuning width of 2.834 um; the idler wavelength A;
increases from 3.319 um to 5.265 pwm and then decreases to
4.431 pum with a tuning width of 1.946 um. When the PFW
wavelength Ay is 1700 nm, the OPO pump wavelength A,
increases from 0.860 um to 1.560 pum, the signal wavelength
As decreases from 1.402 pum to 1.324 um and then increases
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FIGURE 5. (a) Variation of OPO signal wavelength A5 and idler

wavelength A; with PFW wavelength 1; for OPO pump wavelength 1, of
1310 nm. (b) Variation of OPO signal wavelength s and idler wavelength
A;j with PFW wavelength 1; for an OPO pump wavelength 1, of 1654 nm.

to 2.969 um with a tuning width of 1.645 um; the idler
wavelength A; increases from 2.225 ym to 3.769 um and then
decreases to 3.287 um with a tuning width of 1.544 pm.

As can be seen from Fig. 4 (a) and (b), considering the
transparent range of the silicon nitride and the fact that the
calculation results will not be complex, it can be concluded
that when the PFW wavelength A¢ is 1450 nm, the tunable
range of pump wavelength (0.730 ©m-2.000 pum) is larger
than that when the PFW wavelength A is 1700 nm (0.860
pum-1.560 pum), and accordingly, the tuning width of the
signal and idler is somewhat larger, and the signal and idler
wavelength does not necessarily vary monotonically.

2) PFW TUNING

When the OPO pump is fixed, the material poling period
changes as the PFW wavelength A changes, thus enabling the
tuning of the OPO signal wavelength A and the idler wave-
length A;. When the OPO pump wavelength 2, is 1310 nm
and 1654 nm, the OPO signal wavelengthA; and the idler
wavelength A; change with the PFW wavelength Ay as shown
in Fig. 5. When the OPO pump wavelengthi,, is 1310 nm, the
PFW wavelength A¢ changes from 1.420 um to 1.710 um,
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FIGURE 7. Variation of OPO signal 15 and idler ; with OPO pump Jp.

the signal wavelength A; changes from 1.719 pum to 2.022
um with a tuning width of 0.303 wm; the idler wavelength A;
changes from 5.502 pm to 3.722 um with a tuning width of
1.780 wm. When the OPO pump wavelength 1, is 1654 nm,
the PFW wavelengthAy changes from 1.410 um to 1.630 pum,
the signal wavelength A changes from 2.366 um to 3.077 um
with a tuning width of 0.711 pm, and the idler wavelength A;
changes from 5.497 pm to 3.577 pum with a tuning width of
1.920 pwm.

As can be seen from Fig. 5 (a) and (b), as with the limits
considered above for OPO pump tuning, when the OPO
pump wavelength A, is 1310 nm, the tunable range of PFW
wavelength (1.420 pum-1.710 pm) is larger than that when
the OPO pump wavelength A, is 1654 nm (1.410 um-1.630
pm), but it is worth noting that the tuning width of signal and
idler is greater when tuning with 1654 nm OPO pump, and
the wavelength of signal and idler varies monotonically.

B. ALL-OPTICAL OPO CONSTRUCTED USING SINGLE
LASER

In an all-optical environment, we can simplify the OPO con-
struction by using only one laser to generate PFW, which can
both pole the silicon nitride and generate the OPO pump. The
device configuration of the OPO is depicted in Fig. 6. The
PFW laser emits PFW, which also serves as the OPO pump
laser, generating OPO signal and idler when it enters the OPO
cavity. This causes the silicon nitride to generate a periodic
second-order nonlinear coefficient. The silicon nitride has
OPO cavity mirrors M1’ and M2’ at both ends, which are
coated with high-reflectivity coatings for the OPO signal and
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idler and high-transmittance coatings for the OPO pump,
PFW, and PSHW. The OPO output laser mainly includes
PFW, PSHW, OPO pump, OPO signal, and OPO idler, among
which the PFW and OPO pump have the same wavelength.
Filters M1 and M2 can filter out the PFW/OPO pump and
PSHW, respectively. The beam splitter M can separate the
OPO signal and idler.

In this case, the wavelength of the pump is equal to the
wavelength of the PFW, and the wavelength can be set in a
smaller range, but the OPO device is simpler.

For device where the PFW and the OPO pump are gener-
ated by the same laser, the wavelength of the PFW is also
the wavelength of the OPO pump. The wavelength of the
OPO signal and the wavelength of the idler vary with the
wavelength of the pump, as shown in Fig. 7.

As can be seen from Fig. 7, when the OPO pump wave-
length A, changes from 1.420 um to 1.610 um, the signal
wavelength A changes from 1.914 um to 2.722 um with a
tuning width of 0.808 um; the idler wavelength A; changes
from 5.504 pm to 3.941 pum with a tuning width of 1.563
pm.

The device where the PFW and OPO pump are generated
by same laser is simpler than the device where the PFW and
OPO pump are generated by the distinct lasers, but then the
tunable range of the pump is smaller. Among the three tuning
modes, when the OPO pump is used, the tunable range and
signal tuning width are the largest. There is little difference
in the tuning width of idler among the three tuning modes.

IV. CONCLUSION

In this paper, we investigate the utilization of silicon nitride
for all-optical OPO. The PFW wavelength range, which can
generate a periodic pattern, is found to be 1.005-1.710 pum.
In the OPO pump tuning mode, we achieve output wave-
lengths of 3.319-5.265 pum and 2.225-3.769 um by selecting
PFW wavelengths of 1450 nm and 1700 nm. Similarly, in the
PFW tuning mode, we obtain output wavelengths of 5.502-
3.722 pmand 5.497-3.577 pmusing OPO pump wavelengths
of 1310 nm and 1654 nm. Additionally, when employing the
single laser for both OPO pump and PFW tuning, we demon-
strate output wavelength range of 5.504 um to 3.941 um with
OPO pump and PFW wavelengths ranging from 1.420 um to
1.610 pum. This paper highlights the versatility and tunabil-
ity of the proposed all-optical OPO design, showcasing its
potential for mid-infrared laser generation applications.
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