LiNbO; and AlGaAs On-Insulator Platforms for Second Harmonic Generation:
Comparison and Perspectives.

Jack Haines,* Pooja Uday Naik, and Massimiliano Guasoni
Optoelectronics Research Centre, University of Southampton, Southampton SO17 1BJ, UK.

Marco Gandolfi
Dipartimento di Ingegneria dell’Informazione, Universita degli Studi di Brescia, Via Branze 38, 251238 Brescia, Italy
Consiglio Nazionale delle Ricerche - Istituto Nazionale di Ottica, Via Branze 45, 25128 Brescia, Italy and
Consorzio Nazionale Interuniversitario per le Telecomunicazioni (CNIT),
Viale G.P. Usberti 181/A Sedell Scientifica di Ingegneria-Palazzina 3, 43124 Parma, Italy
(Dated: April 23, 2025)

The rise of aluminium gallium arsenide on insulator (AlGaAsOI) and lithium niobate on insula-
tor (LNOI) platforms presents new opportunities for advancing on-chip and ultra-compact nonlinear
photonic devices. In this study, we investigate theoretically and via numerical simulations second
harmonic generation (SHG) in AlGaAsOI and LNOI waveguides across a wide range of pulse widths,
from the sub-picosecond to the continuous wave regime, and peak power levels spanning from mil-
liwatt to hundreds of watts. Our research aims to identify optimal time and power regimes for
achieving high SHG conversion efficiency, exploring the detrimental impact of linear and nonlin-
ear losses as well as dispersion effects. Additionally, we assess the performance of SHG against
manufacturing errors and surface roughness, comparing our findings with state-of-the-art solutions.
These results offer insights into the robustness and potential applications of SHG in these advanced

photonic platforms.

I. INTRODUCTION

The recent development of aluminium gallium arsenide
on insulator (AlGaAsOI) [1, 2] and lithium niobate on in-
sulator (LNOI) [3, 4] platforms is challenging the status
quo of silicon photonics in integrated optics. These plat-
forms merge the benefits of the traditional counterparts
grown on their native substrate, namely a large nonlinear
response and low two-photon absorption (TPA), along
with the strong field confinement originating from the
low-index cladding. This, in turn, further boosts the
nonlinearity and opens up new perspectives in nonlin-
ear photonics. A key application is the development of a
novel class of waveguides for nonlinear wavelength con-
version with an efficiency comparable or even superior to
that found in conventional nonlinear platforms like crys-
tals, periodically poled lithium niobate (PPLN) waveg-
uides and AlGaAs/GaAs waveguides [5-16], whilst offer-
ing at the same time on-chip integration and far greater
compactness. In the last few years, several works have
reported on nonlinear wavelength conversion in LNOI
[17-20] and AlGaAsOI [21-28] waveguides and nanos-
tructures. However, at present there is a lack of gen-
eral overview regarding the conversion efficiency and the
level of miniaturization that can be achieved in different
regimes of pump power and pulse duration.

In this work, we analyse theoretically and via numeri-
cal simulations the nonlinear dynamics of AlGaAsOI and
LNOI waveguides from the sub-picosecond to the contin-
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uous wave regime and for different power levels, identify-
ing the most suitable conditions to achieve high conver-
sion efficiency and comparing the performance against
state-of-the-art solutions. We investigate second har-
monic generation (SHG), a crucial process for nonlinear
conversion that can be extremely efficient in LNOI and
AlGaAsOI waveguides. We focus on a scenario that sim-
plifies the fabrication of the device and the experimental
setup as much as possible and enhances the robustness
of manufacturing errors. Firstly, we consider rectangu-
lar waveguides, where the number of parameters to be
optimized is minimized (width and height of the cross-
section). Second, we assume that the input field at the
waveguide is coupled to the fundamental mode, whose ex-
citation is straightforward and typically leads to higher
coupling efficiency compared to higher-order modes.
This paper is organized as follows. In section 2 we
present the set of coupled differential equations describ-
ing the spatio-temporal dynamics of light propagation in
the waveguides under analysis and introduce some opti-
mal configurations for efficient SHG in LNOI and AlGaA-
sOI waveguides. In section 3 we introduce the effective
lengths of the different physical effects at play and in
section 4 we discuss the maximum conversion efficiency
(CE) achievable in each configuration as a function of
pump power and pulse width. In section 5 we outline
the robustness of the nonlinear conversion with respect
to manufacturing errors as well as surface roughness. Fi-
nally, in Section 6, we conclude by comparing our findings
against recent state-of-the-art solutions for SHG.



II. NUMERICAL MODELLING AND
PARAMETERS

We consider rectangular LiN and Algo5Gag 75As
waveguides embedded in a low refractive index insula-
tor cladding (see Fig.1), which is typically silicon dioxide
(SiO2) or hydrogen silsesquioxane (HSQ). The latter has
a refractive index similar to the index of SiOg [21], there-
fore the results discussed in this work are almost identical
whether SiO, or HSQ are used.

FIG. 1. Schematic of the system under investigation made
of a waveguide with AlGaAs or LiN core and surrounded by
Si02. The input beam at the fundamental frequency (red)
from the left is converted to a second harmonic frequency
beam (blue) on output.

A pump beam at the fundamental frequency (FF) wy
is launched into the waveguide coupled to the spatial
mode my and generates light at the second harmonic
(SH) ws = 2wy into the mode m, via nonlinear con-
version. In this work, we focus on the standard case of
near-IR to near-visible conversion where the FF and SH
wavelengths are respectively A\; = 2m¢c/wy = 1550 nm
and A; = 2mc/ws = 775 nm (c is the speed of light in
the vacuum). The following system of coupled equations
describes the spatio-temporal evolution of the FF and
SH envelopes Af(z,t) and As(z,t) [29-31], respectively:
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Bon and «, indicate respectively the group velocity dis-
persion (GVD) and the linear losses at the frequency wy,,
n={f, s}, whereas ApS; is the differential inverse group
velocity (DIGV) between the SH mode and the FF mode.
The SHG coefficient is p = \/éwse(J(I)NL, where ¢ is the
vacuum permittivity and @y, reads [29]:
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® 1 (LiN Z-cut) is found from @y (LiN X-cut) by re-
placing myy — Mpy, Muy — Mpz, My, —> Mpg, Where
Mz, Mny, My are the x,y and z electric field components
of the spatial mode m,,, and the spatial modes are nor-
malised so that |Af(z,t)|? and |As(z,t)|* represent the
FF and SH power.

The Kerr nonlinear coefficient ~, = n,nwn/c +
iBipa,n/2, where n, ,, and Bipq,n, are respectively the non-
linear refractive index and the TPA coefficient at fre-
quency w,. Note that the last two terms on the right-
hand side of Egs.(1,2) account respectively for self-phase
modulation (SPM) and cross-phase modulation (XPM).
In the case of rectangular waveguides, where modes are
mainly linearly polarized along one of the axes, the cu-
bic overlap coefficients Ry, (n={f,s},q={f,s}) can be
approximated as follows:
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We consider the case where the pump beam is cou-
pled into the fundamental spatial mode TEOO, which as
previously mentioned represents the most suitable config-
uration to maximise the coupling efficiency and minimize
the complexity of the experimental setup. On the other
hand, the SH field may be generated in a higher-order
mode. The coefficients AS1, fan, Pz and Ry, -reported
in Table I - are mode dependent and are computed using
finite element method software (Comsol Multiphysics),



Conf  my m, dim DN Ay B2y B2 s Ra Rass Rt
(nm?) (AZ?WY2) (m7'ns)  (m7'ps?)  (m7'ps?)  (um7?)  (um7)  (um7?)
LNX  TEO00 TEO02 960 x 470 1.05e10 1.0 0.60 0.1 2.0 3.0 1.0
LNZ TEO0O  TMO02 3945 x 1162 0.11el0 0 0.05 0.2 0.4 0.5 0.3
AlG TEO0O TMO1 575 x 111 5.20e10 5.6 10.03 25.0 2.0 0.7 0.7

TABLE I. Parameters and coefficients used in Eqs.(1,2) for the 3 configurations under investigation: conf-LNX is a LiNbOs3
(X-cut) waveguide, conf-LNZ is a LiNbOg3 (Z-cut) waveguide, conf-AlG is a Alg.25Gag.75 As waveguide. Conf = configuration,
m; = FF mode, m,= SH mode, dim=transverse dimension (widthx height) of the waveguide.

LiNbO3 AlGaAs
da2 (pm/V) 1.8 [32] B
dz1 (pm/V) 3.7 [33] -
ds3 (pm/V) 20.5 [34] -
dess (pPm/V) - 50 [26, 35-37]
ny (m*/W) 1.1 x 10712 [38,39] 2.0 x 1077 [40]
Bipas (cm/GW) 0 [41] 0.164 [21]

TABLE II. Nonlinear parameters used in Egs.(1,2).

taking into account the wavelength and refractive in-
dex of the materials [42-44]. The nonlinear parameters
d22,d31,d33,def £y My m,s Bipa,n crucially depend on the ma-
terial properties as well as the wavelength, and partially
on the fabrication process itself. Therefore, various stud-
ies often report different values for these coefficients at
few typical wavelengths. However, our simulations aim
to establish general guidelines for conversion efficiency
across various regimes of peak power and pulse width.
To this end, variations of these coefficients, even up to
100%, do not affect the overall outcomes discussed in the
Conclusion section. This stems from the fact that such
variations do not alter the order of magnitude of the ef-
fective lengths discussed in Section 3.

The nonlinear parameters used in our simulations are
detailed in Table II, where we consider ng f = n2 s = ng
and Bipa,f = Bipa,s = Prpa- Note that LiN is practically
TPA free for wavelengths beyond 600nm (therefore we
set Btpa,f = ﬁtpa7s:0)~

As for linear losses, we analyze 3 different cases that
are representative of AlGaAsOI and LNOI waveguides,
namely 4 dB/cm, 1 dB/cm and 0.1 dB/cm. While the
first two higher losses have become increasingly common
[17, 28], the latter instance (0.1 dB/cm) [18] is less com-
mon and yet to be achieved in the AlGaAsOI platform.
Moreover, for reasons of conciseness, in this work, we as-
sume that losses are equal at the FF and SH. While this is
not the general case, as losses are typically frequency de-
pendent, there are nevertheless reported cases where the
difference is of the order of ~1 dB/cm [17]. In addition,
we anticipate significant improvements in the fabrication

processes over the next few years. As a result, it is con-
ceivable that losses as low as 0.1 dB/cm could become
the standard in the near future, with differential losses
between FF and SH substantially reduced.

The width w and height h of the waveguide are ad-
justed in order to meet the phase-matching condition for
SHG, namely AS = ff(w) — Bs(2w) = 0, where S(w)
is the propagation constant of the FF mode (TE00) and
Bs(2w) is the propagation constant of the SH mode. Ta-
ble T reports a list of the most suitable phase-matched
instances for SHG generation along with the correspond-
ing coefficients used to simulate Eqgs.(1,2). The first and
third rows (conf-LNX, conf-AlG) represent the configu-
rations that maximize the quadratic nonlinear coefficient
p for LNOI (X-cut) and AlGaAsOI waveguides, respec-
tively, whereas the second row (conf-LNZ) corresponds
to the case of a null-DIGV between the FF and the SH
modes in a LNOI waveguide (Z-cut). Under this condi-
tion, the FF and the SH pulses maintain their temporal
overlapping as they propagate through the waveguide,
which contributes to the build-up of the SH peak power.

Egs.(1,2) are simulated using input pulses A;(z = 0,t)
with Gaussian shape at the FF, whose half width half
maximum and peak power are denoted by 7T, and P,
respectively. The input field is instead null at the SH,
namely A,(z =0,t) = 0.

A variety of pulse widths 7T}, are explored in the simu-
lations, ranging from sub-picosecond (100 fs) to nanosec-
onds, the latter being quasi-continuous waves for the
waveguide lengths under investigation. Additionally, the
simulations cover a range of peak powers P from sub-
Watt (100 mW) up to 100 W. It is worth noting that
larger power levels may damage the waveguides.

The main objective of our numerical analysis is the
computation of the conversion efficiency (CE) for the 3
configurations of Table I as a function of T}, and P. The
CE is defined as:

max{FEs}
CFE=—>= (6)
Ein, g
Here, max{FE;} = ;O_COO | As(Zmaz, t)|?dt is the max-

imum energy converted at the SH frequency, whereas
Einy = oo |Af(0,2)|?dt is the total input energy at

t—=—
the FF. The f;?)sition Zmaz 1S the longitudinal position in



(@ o P » () o P , (© o P 1 2
O~ S 0 7
4 ) L SN
52 |- g-2 PP SRS <
1 I ] /
-3 -3 -3 / \\\
-4 -4 -4
13 12 11 10 9 13 12 11 -10 9 13 12 11 -10 9
Tp TP TP
SHG —— SPM ---- TPA —— GVD IGV — Loss|

FIG. 2. Effective lengths for the 3 configurations under study: conf-LNX(a), conf-LNZ(b) and conf-AlG(c). See Table III for
the definition of each effective length. Logarithm units are used for length Less = logio(Less/1m), time T = logio(T,/1s),
and power P = logio(P/1W). Different effective lengths depend on either the power or pulse width, therefore a double x-axis is
used to compare them. Specifically, Lsuc (orange solid line), Lspm (red solid line) and Lrpa (red dashed line) are a function
of power (top x-axis P), whereas Loy p (purple solid line) and L;gy (blue dashed line) are function of pulse width (bottom
x-axis Tp). Note that TPA is present in conf-AlG only. The effective lengths for losses of 0.1 dB/cm, 1 dB/cm and 4 dB/cm
are independent of power and pulse width and are therefore represented by the 3 horizontal green lines, with increasing loss

from bottom to top.

the waveguide where the maximum energy conversion is
achieved.

III. ANALYSIS OF THE EFFECTIVE LENGTHS

The CE depends on the spatio-temporal dynamics de-
scribed by Eqs.(1,2), which is the result of the interplay
between several different physical effects. In this section,
we introduce the definition of the effective length (Leyys)
related to each of these effects. The comparison between
the effective lengths provides an intuitive overview of the
various achievable CE regimes and supports the numer-
ical results discussed in the next section. It should be
noted that we may define separate effective lengths at
the FF and SH, respectively. On the other hand, since
they have the same order of magnitude, for the sake of
simplicity we refer to the effective lengths calculated at
the FF. The full set of effective lengths are reported in
Table III, alongside their dependence on the system pa-
rameters.

The effective length L;gy related to the DIGV be-
tween FF and SH corresponds to the propagation length
beyond which the input FF pulse and the generated SH
pulse are temporally separated. The effective length re-
lated to the GVD is the well-known dispersion length
Lavp. Lios corresponds to the propagation length over
which the power decays of a factor 1/e due to linear
losses. In the following, we indicate with L;,5(0.1),
Lips(1) and Ljp5(4) the effective lengths related to losses
of 0.1 dB/cm, 1 dB/cm and 4 dB/cm, respectively. Sim-
ilarly, Lypa corresponds to the propagation length over
which the power decays of a factor 1/e as a result of
the TPA [45]. The effective length Lgpps indicates the

propagation length over which the Kerr-induced nonlin-
ear phase accumulation due to SPM leads to a substan-
tial shift of the phase-matching condition as well as to
pulse distortion [46]. Similarly, we may define an effec-
tive length Lxpps for XPM, which is similar to Lgps
and therefore not included in the following analysis. Fi-
nally, Lspg corresponds to the propagation length over
which the power of FF drops to a fraction of 1/e as a
result of the conversion of power via SHG to SH [45].

In order to facilitate a clear comparison between
the different effective lengths, we introduce logarith-
mic units denoted as L.ss = log10(Less/1m), T, =
log 10 (Tp/18), and P = log;, (P/1W).

Note that by definition, and as commonly accepted
in the literature, the effective length for each physical
effect introduced above is calculated with competing ef-
fects turned off. As such, calculating Lsgg implicitly
assumes no pulse distortion or temporal walk-off (hence,
a CW-like regime). Although this is an approximation,

Term Length Equation
DIGV Licv Tp/AB

GVD Levp T3 /B2

Loss Lios /o

TPA Lrpa (e =1)/(BipaRys P)
SPM Lspum 1/(R{ys} Ry s P)
SHG Lsuc sech™ (\/1/e)/(pV'P)

TABLE III. Effective lengths and related equations



it is justified when SHG is the dominant process where
its corresponding effective length is substantially shorter
than the others, leading to large CE. As a rule of thumb,
we expect high CE whenever Lggyg is 1 order of magni-
tude shorter than all the other effective lengths, that is,
Lsgc < Ly-1, where x={IGV, GVD, los, TPA, SPM}.

Let us consider Fig.2a, which reports the effective
lengths for the case conf-LNX in Table I. We note that
the conditions Lgge < Laovp — 1, Lsga < Lspam —
1,Lsra < Ligso.1 — 1 hold true for any value of P and
T, under consideration. This suggests that GVD and
SPM do not affect significantly the SH conversion, and
the same applies to weak linear losses of 0.1 dB/cm. On
the other hand, the DIGV poses a lower limit to the
pulse width: the condition Lgge < Ligy — 1 implies
indeed Tp > —0.5P — 10.8. Similarly, high linear losses
of 1 dB/cm and 4 dB/cm should be compensated by in-
creasing the peak-power P: indeed Lspg < Lios1 — 1
and Lsga < Ligsa — 1 imply respectively P > —0.1 and
P>12.

A similar analysis can be done for the remaining config-
urations conf-LNZ and conf-AlG (see Fig.2(b,c) respec-
tively). The main outcome is that, for each configura-
tion, we identify the conditions on the pump power and
pulse width that lead to high CE. In the next section,
we discuss full numerical simulations of Egs.(1,2), which
confirms the qualitative conclusions drawn from the ef-
fective length analysis.

IV. CONVERSION EFFICIENCY PLOTS

In this section, we discuss the CE calculated via full
simulation of Egs.(1,2), and compare it with the analysis
of the effective lengths introduced in the previous section.

Fig.3 displays the outcomes obtained for conf-LNX.
The colormaps depict the results from numerical simu-
lations for losses of 0.1 dB/cm (a), 1 dB/cm (b) and 4
dB/cm (c), respectively. Within each panel, the white
dashed lines represent the boundaries of the conditions
identified through the analysis of the effective lengths,
namely 7, = —0.5P — 10.8 (diagonal line in a,b,c),
P = —0.1 (horizontal line in b), P = 1.2 (horizontal line
in ¢). The area enclosed by the white lines, denoted by a
white star, identifies the region of the TP—P plane where
high CE is anticipated based on the effective lengths anal-
ysis. Although qualitative in nature, this analysis cap-
tures, at almost zero computational cost, the range of
pulse widths and peak powers leading to high CE. At
the same time, it allows identifying the factors that hin-
der achieving high CE. For example, in this case, we note
that DIGV impacts the CE, especially for short pulses,
whereas cubic nonlinearities (SPM and XPM) have little
to no impact.

To further assess the impact of DIGV and cubic non-
linearities, we have run separate simulations of Eqgs.(1,2).
This involved selectively disabling either the DIGV or
SPM, XPM, as illustrated in Fig.4. Specifically, in Fig.4
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FIG. 3. Hlustration of results for conf-LNX. The colormaps
display the CE computed from Eqgs.(1,2) when linear losses
are set respectively to 0.1 dB/cm (a), 1 dB/cm (b) and 4
dB/cm (c). Logarithm units are used for length L.;; =
logio(Lesys/1m), time Tp = logio(Ty/1s), and power P =
log10(P/1W). The white dashed lines represent the bound-
aries of the conditions identified via the analysis of the effec-
tive lengths. In each panel, the white star (here on the top
right) indicates the area enclosed by the white dashed lines
where high CE is achieved according to the analysis of effec-
tive lengths.

we depict the variation in CE between the cases where all
the terms of Egs.(1,2) are taken into account and the case
where DIGV is disabled (that is, AS; is set to 0). Sim-
ilarly, in Fig.4b we depict the variation in CE between
the case where all the terms of Eqs.(1,2) are taken into
account and the case where XPM and SPM are turned
off (that is, v s is set to 0).
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FIG. 4. (a): CE variation for conf-LNX when DIGV is dis-
abled. (b): CE variation for conf-LNX when SPM and XPM
are disabled. In both panels linear losses are 1 dB/cm.

The results in Fig.4 confirm that the DIGV is the main
source of CE impairment in the sub-ps regime. Con-
versely, as anticipated SPM and XPM do not play any
major role in the CE dynamics. Indeed, there is no sig-
nificant CE variation in Fig.4b.

Similarly to Fig.3, Fig.5 reports the results for the
case conf-LNZ of Table I. Once again, the analysis
of the effective lengths (see Fig.2b) offers a qualitative
overview of the different CE regimes. In particular, be-
cause Lgg¢ is not significantly lower than Ljysq (the con-
dition Lsga < Lipsa — 1 is not met), we expect that 4
dB/cm losses will suppress the SHG. This is confirmed
by the numerical simulation of Egs.(1,2), see Fig.5c. On
the other hand, CE>80% can be achieved when losses are
as low as 0.1 dB/cm, see Fig.5a. In addition, it is worth
noting that because this configuration is characterized by
null-DIGV, then the CE is independent of T,.

The case conf-AlG illustrated in Fig.6 exhibits a more
complex dynamics. The large nonlinear response of the
AlGaAs, along with the strong modal confinement fos-
tered by the large core-to-cladding refractive index dif-
ference, leads to substantial SH conversion over a mm
long scale even for peak power levels as low as hun-
dreds mW (see Lgyg in Fig.2c). However, cubic non-
linear effects (SPM, XPM, TPA) are dramatically en-
hanced at the same time, which strongly impacts the
CE. Indeed, differently from the previous cases conf-LNX
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FIG. 5. Same as Fig.3, but for the case conf-LNZ.

and conf-LNZ, we observe from Fig.2c that the condition
I:SHG < ESPM,TPA — 1 requires P < 0.3 (1e P< 2
W). This suggests that cubic nonlinearities are the major
source of CE impairment when the peak power exceeds
a few Watts. This scenario is confirmed by the simu-
lations of Eqs.(1,2). Indeed, for all the values of linear
losses considered in this work, we observe a decrease of
CE when P > 5 W.

The simulation of Egs.(1,2) with SPM, XPM and TPA
turned off, reported in Fig.7b, confirms this trend.

The dynamics related to DIGV and linear losses are
instead similar to those observed in conf-LNX: high linear
losses set a lower limit to P, whereas the DIGV impairs
significantly the CE in the sub-ps regime, as displayed in
Fig. 7a.

Overall, from the results in Figs.(3-7), we can draw out



a general CE trend for different power and pulse width
regimes. We observe that in the case of conf-LNX, high
CE> 80% is achieved when losses are < 1 dB/cm, for
peak power exceeding ~30 W and pulse width exceeding
~ 5 ps. The corresponding waveguide length (indicated
as Zmag 10 Section 2) is 4mm or shorter. Similar CE and
lengths are found for conf-AlG but for substantially lower
peak power (~2 W). Conversely, high-power operation
jeopardises the CE due to cubic nonlinearities.
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FIG. 6. Same as Fig.3, but for the case conf-AlG.

In the sub-ps pulse regime, neither conf-LNX or
conf-AlG can achieve large CE, mainly as a result of
the DIGV between FF and SH. In contrast, thanks to
the null-DIGV condition, conf-LNZ allows achieving
high CE> 80% in the sub-ps regime when losses are 0.1
dB/cm or smaller, again for pump peak power exceeding
~30 W. Interestingly enough, this configuration also

exhibits adequate CE~50% in the sub-ps, sub-W regime
when losses are 0.1 dB/cm or smaller.
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FIG. 7. (a): CE variation for conf-AlG when DIGV is dis-

abled. (b): CE variation for conf-AlG when SPM, XPM and
TPA are disabled. In both panels linear losses are 1 dB/cm.

Overall, from the results in Figs.(3-7), we can draw out
a general CE trend for different power and pulse width
regimes. We observe that in the case of conf-LNX, high
CE> 80% is achieved when losses are < 1 dB/cm, for
peak power exceeding ~30 W and pulse width exceeding
~ 5 ps. The corresponding waveguide length (indicated
as Zmae in Section 2) is 4mm or shorter.
Similar CE and lengths are found for conf-AlG but for
substantially lower peak power (~2 W). Conversely, high-
power operation jeopardises the CE due to cubic nonlin-
earities.
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conf-AlG when losses are 1 dB/cm (see Fig.6b for corresponding CE values) for different values of input FF peak power (0.1
W to 100 W from bottom to top) and input FF pulse width (100fs to 1ns from left to right).

V. TEMPORAL AND SPECTRAL PROFILES

In this section, we illustrate the temporal and spectral
profiles for different regimes of power and pulse width.
We refer to the case of conf-AlG, but similar dynam-
ics are observed for conf-LNX. Fig.8 illustrates the FF
and SH pulses calculated at the optimal length for max-
imum CE. For pulses longer than 100 ps, the generated
SH shows a Gaussian profile, identical to the input FF
pulse, regardless of the power level. This is due to the
limited walk-off between FF and SH, which leads to SHG
dynamics occurring in a CW-like regime. For conf-LNZ
we see no walk-off and therefore only preserved Gaussian
shapes for SH at all pulse widths investigated.

As the pulse width is reduced to 10ps or less, we ob-
serve the generation of an asymmetric SH pulse with an
extended tail, a clear signature of the walk-off between
FF and SH. This tail is more pronounced at lower power
levels, where a longer propagation length is required to
achieve maximum CE, leading to an increased walk-off.

In the high-power, ultra-short pulse regime (100 fs or
less), in addition to the tail, we also observe SH pulse
fragmentation, caused by a non-trivial combination of
SPM, XPM and walk-off effects. Regarding the FF pulse,
it exhibits strong symmetric reshaping dominated by
SPM for longer pulses (>100 ps), with additional tailing
and fragmentation for shorter pulses. The fragmentation
effect increases dramatically with power, leading to the

generation of a comb of spikes, as shown in Fig.9(c,d),
where significant spectral distortion is also evident.
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FIG. 9. Illustration of fragmentation effect and reduced effi-
ciency at high powers with short pulses. Pulse shape and re-
lated spectra for conf-AlG with P=1W with To=1ns in (a,b)
and P=1kW with To=100fs in (c,d). Pulse shapes taken at
Lopt where CE is the maximum for each case. Loss is set to
1dB/cm.
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FIG. 10. a) Ilustration of the simulated cross-section with random roughness. Top: unperturbed rectangular cross-section

on the zy transverse plane without roughness; bottom: cross-section with added roughness. (b):

Illustration of simulated

roughness along the propagation direction. Top: unperturbed waveguide; bottom: waveguide with added roughness. (c,d):
An example of the probability distribution function of the phase mismatch AS used in our simulations. Here roughness has a
standard deviation d,= 0.4 nm. e): standard deviation dg of the phase-mismatch versus standard deviation of roughness 4, for

conf-LNX and conf-AlG.

VI. ROBUSTNESS AND WAVELENGTH
TUNABILITY

Due to fabrication errors, the actual dimensions of the
waveguides under analysis could deviate from the de-
signed values, resulting in a phase-mismatch that typi-
cally degrades the CE.

As it is illustrated in Fig.11, a shift of the FF typi-
cally allows compensating for the phase-mismatch. For
example, a £10 nm variation in the width of the LiN
waveguide of conf-LNX, corresponding to a realistic fab-
rication error, could be compensated by a variation of +
20 nm (in wavelength) of the FF.

From another perspective, Fig.11 also suggests that
the FF could be tuned over a wide spectral region by
setting opportunely the waveguide dimensions. Interest-
ingly enough, the LiN and AlGaAs platforms exhibit an
opposite trend. While the phase-matching in the AlGaAs
waveguide is almost insensitive to width variations, and
the height is then used to tune the FF, the opposite oc-
curs in the LiN waveguides.

On the other hand, it should be noted that while the
phase-matching condition can be achieved as illustrated
in Fig.11, however a variation in the waveguide dimen-
sions and/or in the FF will modify the coefficients of
Egs.(1,2), which ultimately determines the CE. Varia-
tions of a few nanometers in the waveguide dimensions
or in the FF wavelength do not affect significantly the
overall CE dynamics in the case of conf-LNX and conf-
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FIG. 11. Tuning of the phase-matching condition. (a) Width-
FF wavelength relation to preserve phase-matching in a LNOI
waveguide with fixed height A =470nm. For width w =960
nm we have the waveguide of conf-LNX in Table I (FF wave-
length=1550 nm). (b) Height-FF wavelength relation to pre-
serving phase-matching in an AlGaAsOI waveguide with fixed
width A =575 nm. For height h =111 nm we have the waveg-
uide of conf-AlG in Table I (FF wavelength=1550 nm).

AlG. On the contrary, in the case of conf-LNZ, these
variations hinder the zero-DIGV condition, resulting in
a substantial drop of CE for short pulses (T}, <0.1ns).



Along with fabrication errors, surface roughness could
be a further source of CE impairment. In addition to
contributing to linear losses (whose overall value is in-
dicated by oy, in Egs.(1,2)), roughness corresponds to
a random variation of the cross-section of the waveg-
uide, as illustrated in Fig.10(a,b). This variation induces
in turn a random phase-mismatch along the propaga-
tion direction z. To investigate the influence of rough-
ness, we have created cross-section profiles with random
roughness having Gaussian statistical distribution with
0 average and standard deviation §,.. Fach cross-section
profile corresponds to a phase-mismatch AS, computed
with Comsol Multiphysics, which exhibits a Gaussian-like
distribution as illustrated in Fig.10(c,d). We have then
simulated Eqgs.(1,2) assuming a variable phase-mismatch
ApB(z) along the propagation direction and with the ap-
propriate statistical distribution (see in Fig.10e the rela-
tion among roughness and standard deviation of AB(z)).
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FIG. 12. CE as a function of the peak power P (logarithm
units) and roughness size (deviation 4,). Panel (a) and (b)
refer respectively to conf-LNX and conf-AlG, for pulse width
Tp= 1 ns and losses of 0.1 dB/cm.

The results of the simulations are illustrated in Fig.12
for pulses of 1 ns width and losses of 0.1 dB/cm. The
CE is computed as a function of the roughness stan-
dard deviation §, and the peak power P for the LNOI
waveguide of conf-LNX and the Al1GaAsOI waveguide of
conf-AlG (panels a and b, respectively). While the LiN
waveguide of conf-LNX is weakly affected by roughness
for peak power levels P exceeding 1 W (see Fig.12a), the
AlGaAs waveguide of conf-AlG is less robust and the CE
is strongly affected when 4, > 0.4 nm (see Fig.12b). This
is essentially due to the fact that a smaller waveguide un-
dergoes a higher relative variation of its dimensions for
the same 6,.
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VII. CONCLUSION

The last decade has been characterised by a rising in-
terest towards LNOI and AlGaAsOI platforms. The high
refractive index contrast with respect to the cladding rep-
resents a crucial factor for the miniaturization of pho-
tonic devices on chip, including those for wavelength con-
version, which is one of the most important operations
in the nonlinear domain. However, it is not yet clear
which conversion efficiency can be obtained in these plat-
forms, and whether and within what regimes of power
and pulse width they can exceed the traditional counter-
parts used for nonlinear conversion, especially PPLN and
AlGaAs/GaAs waveguides.

In this work, we compared the two platforms in terms
of compactness and SHG conversion efficiency, outlining
the foreseeable performance for different regimes of pulse
duration and power. Note that the validity of our find-
ings is contingent upon the absence of damage to the
waveguides at higher powers. Damage thresholds are dif-
ficult to be evaluated given the scarcity of data available
[40, 47-50] and their dependence on the quality of the
fabrication process.

For each platform, we identified an optimal configura-
tion (conf-LNX, conf-AlG) that maximises the quadratic
nonlinear coefficients, therefore minimising the overall
footprint. In addition, we have found a further configu-
ration (conf-LNZ) for LiNOI characterized by zero DIGV
between the phase-matched modes, which preserves their
temporal overlap in propagation. Our analysis suggests
that overall, both LNOI and AlGaAsOI may lead to
very high nonlinear conversion, comparable if not supe-
rior to standard LiN diffused PPLN and AlGaAs/GaAs
waveguides, but with an unprecedented small footprint.
For this purpose, Table IV reports a comparison against
recent works based either on standard PPLN and Al-
GaAs/GaAs waveguides, as well as AlGaAsOI and LNOI
waveguides.

Nevertheless, our findings indicate some key differences
between these 2 platforms. Indeed, we envisage that
AlGaAsOI will be the reference platform for low peak
power operation (not exceeding a few Watts) and rela-
tively long pulses, from 10 ps-wide up to CW. The large
core to cladding index difference guarantees strongly con-
fined modes with sub-um? modal area, which may pro-
vide CE exceeding 80% when losses are < 1 dB/cm (see
Fig.6a,b). These estimates represent extremely high con-
version values, which are even more relevant when taking
into account the reduced length of the waveguide (few
mm) and a total footprint of just ~1000 um?, 3 orders of
magnitude smaller than traditional waveguides offering a
similar performance (see [14] in Table IV).
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Ref Technology Geometry Performance
[14] Zinc indiffused LiN  Rib waveguide, dim=13um x 50um, 4 cm CE=74% with 3.37TW CW pump,loss=0.12
PPLN long dB/cm (FF)
[15] AlGaAs/GaAs Bragg reflection ridge waveguide CE=2% with 1.8 ps pulsed pump, 20 W
dim=4um x 4.4um, 2.17 mm long peak power, loss=8.7 dB/cm (FF)
[18] LNOI PPLN ridge waveguide, dim=2um x 0.7um, 6 mm  CE>50% with 50fs pulsed pump, 1.6W
(null-DIGV) long peak power, loss=0.1 dB/cm(FF)
[20] LNOI PPLN ridge waveguide, dim=1.4pm x 0.6um, 4 CE=53% with 0.25W CW pump, loss
mm long <2.5dB/cm(FF)
[21] AlGaAsOI dim=740nm x 100nm, 2.7 mm long CE~0.8% with 100fs pulsed pump,12.5W
peak power, loss=13 dB/cm (FF)
This Work LNOI conf-LNX (dim=960nm x 470nm), ~ 4  CE> 80% with >5 ps pulsed pump,>30 W
mm long (for 30W peak power) peak power, loss< 1dB/cm
This Work LNOI (null-DIGV)  conf-LNZ (dim=3945nm x 1162nm), ~ 1 CE> 80% with >100 fs pulsed pump,>30

cm long (for 30W peak power)

This Work AlGaAsOI

W peak power, loss< 0.1dB/cm

conf-AlG (dim=575nm x 111nm), ~ 1 mm CE> 80% with >10 ps pulsed pump,<3 W
long (for 3 W power)

peak power, loss< 1dB/cm

TABLE IV. Comparison between state-of-the-art works and results predicted in this work. All data, if not explicitly mentioned
in the corresponding manuscript, are otherwise inferred by the information provided in [14, 15, 18, 20, 21]. The notation
null-DIGV indicates that the FF and SH modes are characterized by null-DIGV (or quasi-null-DIGV).

However, we foresee two main issues. First, it remains
to be seen whether these loss values will be feasible in the
future in a waveguide with a transverse size as small as
the one of conf-AlG. The current losses reported in the
literature for AlGaAsOI waveguides of a similar size are
much higher (13 dB/cm at the FF, see [21] in Table IV),
which impairs substantially the CE. Second, our analysis
suggests that the small transverse size brings another is-
sue, namely, surface roughness may dramatically impair
(if not completely annihilate) the CE. On the other hand,
both losses and detrimental roughness effects will likely
be substantially reduced in the future with the improve-
ment of manufacturing processes.

We envisage that LNOI waveguides will be instead
the reference platform for high peak power operation ex-
ceeding a few tens of Watts. Besides being TPA-free,
the lower core-to-cladding index difference (compared to
AlGaAsOl) results in a larger mode area and a larger
transverse dimension of the waveguide. This ultimately
minimises the unwanted cubic nonlinearities, which af-
fect instead the AlGaAsOI platform when the pump peak

power exceeds a few Watts. For the same reasons, the
LNOI platform seems largely unaffected by the phase-
mismatch induced by surface roughness. As a result,
values of CE> 80% could be achieved when losses are
< 1 dB/cm in conf-LNX, provided that the pulse width
is long enough, a few ps at least. Moreover, the sub-ps
regime can be achieved when the zero-DIGV condition
is fulfilled between the phase-matched modes at the FF
and SH, which is the case of conf-LNZ when losses are as
low as 0.1 dB/cm.

It is worth noting that such low-loss values are already
feasible in the LNOI platform. For comparison, recent
experiments have demonstrated CE~50% in the sub-ps
pulse regime and 1.6 W pump peak power (see [18] in
Table IV) in a 6mm long LNOI waveguide characterized
by losses of ~0.1 dB/cm and by almost null-DIGV be-
tween FF and SH modes, which is similar to the results
obtained in our simulation of conf-LNZ for similar levels
of peak power, losses and pulse duration.

As reported in Section 5, while our simulations have
focused on SHG with FF wavelength of 1550nm, how-



ever, the phase-matching condition can be adjusted via
the geometric parameters, which indicates both a wide
wavelength tunability of the SHG, as well as a partial ro-
bustness against manufacturing errors. Although time-
consuming, full-scale numerical simulations should be
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run for each specific FF value, however, it is worth noting
that the effective lengths analysis introduced in Section
3 provides an extremely fast and efficient tool to quali-
tatively estimate the different CE regimes as a function
of the system parameters.
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