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Nonlinearities in GaAs cavities with high CW
input powers enabled by photo-oxidation
quenching through ALD encapsulation
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Abstract: We demonstrate that conformal encapsulation using atomic layer deposition of GaAs
nano-cavity resonator made of photonic crystal cavity prevents photo-induced oxidation. This
improvement allows injecting a large quantity of energy in the resonator without any degradation
of the material, thus enabling spectral stability of the resonance. We prove second harmonic and
third harmonic generation over more than one decade of pump power variation, thanks to this
encapsulation, with a total efficiency (175G = 8.3 x 107> Wl and nrpg = 1.2 x 1073 W2) and

a large net output energy for both operations (Pg;‘{’G = 0.2 nW and P‘T’”H’G =8 pW).
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1.

Introduction

Non-linear optics and, in particular, frequency conversion gained in interest in the past few
years. For instance, second harmonic generation (SHG) is used to obtain the beating of the f-2f
configuration of a frequency comb [1,2] while third harmonic generation (THG) is attractive

fo

r the high spatial resolution imaging [3, 4] or generation of light at visible wavelength [5].

The required large power densities are easily achieved in small cavities, owing to the resonant
enhancement. In this context, III-V semiconductor compounds photonic crystal (PhC) cavities,
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thanks to their small modal volume [6] and the high Q-factor [7-9], are particularly attractive.
Interestingly, gallium arsenide (GaAs) was already demonstrated to be a material of choice for
resonant SHG operation in PhC cavities providing a large conversion efficiency [10]. However, for
large input power and thus large optical power density inside the microcavities, resonators made
of GaAs undergo photo-induced oxidation, blue-drifting the resonance wavelength irreversibly.
This oxidation process is thermally activated and follows an exponential dependence with the
device temperature [11].

In this article, we demonstrate non-linear effects in GaAs PhC cavity, namely SHG and THG
with high power density at telecom wavelengths without degrading the device. Indeed, GaAs
photo-induced oxidation under large optical power density is quenched thanks to the conformal
encapsulation of the GaAs PhC with atomic layer deposition technique where Al,O; surrounds
the self-suspended membrane, where the system reaches a local temperature up to about 430 K.

2. Results and discussion

Filter depending of
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Fig. 1. (a) SEM image of the Ls PhC cavity. The extractor super-period surrounding the
cavity is highlighted, in red for a positive radius variation, in blue for a negative one. The
superimposed colored image corresponds to 1508 nm resonant optical spatial mode computed
by FDTD - (b) Experimental setup schematic. TLD: Tunable Laser Diode, PM: Polarization
Maintained, SP: Short Pass filter, OSA: Optical Spectral Analyzer.

The device here investigated is made of a 250 nm thick GaAs self-suspended membrane grown by
metalorganic chemical vapor deposition (MOCVD). The PhC, made of a triangular lattice defined
by the vector K = ax and M = a/2x + a\/3/2y , is patterned using electronic lithography with
a period a = 385 nm and a hole radius r = 0.28a, then transferred to the semiconductor slab
through silica hard mask using consecutively a CHF;—0, Reactive Ion Etching (RIE) and SiCl,
inductive coupled plasma (ICP) etching. The membrane is released by selectively etching the
sacrificial layer of GalnP below the GaAs slab with a HCI-H,PO, wet etch. The last fabrication
step consists of a conformal encapsulation with a 30 nm Al,O, layer deposited by atomic layer
deposition (ALD) with in-situ surface pre-treatment consisting of a hydrogen plasma [12]. It
was recently shown that such encapsulation and passivation technique helps to reduce the carrier
surface recombination velocity [12] The resonator consists of a 5 missing holes cavity, so-called
Ls cavity [13]. The two extrema holes are moved by dx = +0.155K outward from the cavity
(Fig. 1(a)) to improve the intrinsic Q factor. A modulation of the hole radii with an amplitude
dr = 0.01a is applied in the M directions, corresponding of twice the periodicity of the PhC.
This leads to a vertical light extraction [14].

The resonator is connected to an input PhC waveguide with a width W = 1.05aV/3 at a distance
D = -4M — K from the center of the cavity (Fig. 1(a)). The end of the waveguide is composed
of an inverted tapers [15] reducing insertion losses from lensed fiber and avoiding Fabry-Perot
interferences.

The cavity resonance is measured with a CW tunable laser (Santec) by detecting the direct
upward transmission (Fig. 1(b)). We find experimentally a resonance wavelength for the second
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Fig. 2. Spectra of (a) the cavity resonance at telecom wavelength — (b) second harmonic
generation and photo-luminescence — (c) third harmonic generation. a) is measured through
the transmission of the device at low input power, (b) and (c) are measured with an optical
spectrometer

order mode at 1508.2 nm with a Q factor of Q = 8100 (Fig. 2(a)). The SH (Fig. 2(b)) and TH
signals (Fig. 2(c)) are spectrally characterized using Optical Spectral Analyzers (OSA, Thorlabs,
and Ocean Optics respectively), and the signal peaks lie at 754.1 nm and 502.75 nm respectively.
Interestingly, the photo-luminescence (PL) can be easily detected as the excitation at 1508 nm
leads to two-photon absorption, and the PL signal is spectrally separated enough from the SH
one. Therefore both can be independently characterized.

Mode profiles of the SH and TH signals are observed using the setup shown in Fig. 1(b).
The light is collected using a microscope objective (Olympus-M plan) with a large Numerical
Aperture NA = 0.9 and a magnification of 100. The image is observed thanks to a high sensitivity
cooled-down EMCCD camera (Andor) with a 512 X 512 pixels matrix. Each pixel has a size of
16 um. The effective resolution obtained is 72 nm by pixel (i.e. magnification of 220). Appropriate
filters are inserted in the setup to observe only the SHG or the THG (band pass filters). The
resulting images are shown respectively in Fig 3(a) and (c).

Theoretical SH and TH mode profiles are retrieved by modeling the optical spatial mode
distribution at the resonance wavelength and by computing the induced polarization [16, 17]
using an in-house developed 3D-FDTD code (Fig. 3(b) and (d)). In order to compare fairly the
experiment with the modeling, those last results are convoluted with the numerical aperture of
the microscope objective, and the absorption length is taken into account in the simulations
(i.e. 570 nm for SH signal and 110 nm for TH signal). The simulation results are in good
agreement with the measurements, although for the induced polarization at the SH wavelength,
the differences between the modeling and the characterized profile are more noticeable. This
could be explained by the optical index (both real and imaginary part) which could tend to differ
from the value found in the literature for A = 754.1 nm [18, 19] due to the optical pumping and
two photon-absorption at 1.5 um.

It is highly interesting to note that resolving the TH spatial mode allows one to resolve the
resonant mode at telecom wavelength. Indeed, as previous work pointed out [4], the spatial
distribution of the THG is proportional to Ef,mp. Thanks to the diffraction limit greatly reduced
using the TH signal as compared to the telecom one and thanks to the the short absorption length
(110 nm) avoiding light propagation in the structure, the measured mode at 502 nm is close to
the resonant pumped mode profile at 1508 nm.

The conversion efficiency of both SH and TH were characterized. Due to thermal effect, mostly
induced by carrier recombination, the input CW signal is tuned for each input power to match
the shifted resonance. Using the same setup previously shown in Fig. 1, it allows us to measure
the output signal power. Indeed, the photons are counted using the EMCCD camera, thus the
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Fig. 3. (a) SH mode profile measured — (b) Induced polarization at SH wavelength from
mode profile at the cavity resonance computed with FDTD — (¢) TH mode profile measured
— (d) Induced polarization at TH wavelength from modeling

Table 1. Summary of the different losses in the optical detection path for SH and TH

wavelengths.
Element Losses (754.1 nm) Losses (502.75 nm)
Microscope obj. -0.71 dB -0.97 dB
50/50 mirror -3dB -3dB
1000 nm S.P. filter -0.08 dB -0.13 dB
End filter -1.08 dB -1.31dB

detected power. Here, only the area corresponding to the cavity is accounted. A normalization is
performed taking into account all the different losses at the SH and TH wavelength (Table 1)
leading to a total collection losses of —4.87 dB for the SH and —5.41 dB for TH signal. The
insertion losses of the waveguide are estimated to be -7 dB. Thus, the total efficiency conversion
for the SHG operation found is Psp/P?, = 8.3 x 107> W', while for the THG conversion is
Pruc/Pi, =1.2x 107 W2 (Fig. 4). Saturation effects appear at high input power, mostly due
to two-photon absorption and free-carrier absorption [12], which is predicted by the Coupled
Mode Theory (CMT) [20].

These values are still below the state of the art of SHG and THG for nano-structured
system [10,21-23]. However, the conformal encapsulation of the system prevents photo-oxidation,
and high input power are achievable without any material degradation. This leads to a second
harmonic generation of 0.2 nW, orders of magnitude larger than in ref. [10]. This value is
close to the record of SHG observed in other III-V materials PhC cavities [21] and order of
magnitude higher than previous work on GaAs [10] or Silicon [23] PhC cavities (i.e. non-
resonant at SH wavelength). SHG powers could be enhanced owing to resonant SH, design
achievable using, for instance, micro-disk [24]. Nevertheless, photo-induced oxidation was
observed in our different uncoated sample and in the literature, mostly resulting from free carrier
generation/recombination [25,26]. This leads to an irreversibly blue shift of the resonance. Owing
to the conformal encapsulation of the material through the ALD technique, no change in the
resonance wavelength was observed, thus no photo-oxidation process.

We now address the stability over input power as it is one of the main key aspect for efficient
SHG and THG. Indeed, GaAs undergoes photo-induced oxidation. A variety of processes results
into enhanced oxidation such as thermally induced [11,25], catalytic effect of electron-hole
pairs [27], hot carrier for efficient O, adsorption [28,29]. All those effects are directly linked
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Fig. 4. Second (red circles) and third harmonic generation (blue squares) power level versus
input coupled power. The dashed lines correspond of a quadratic and cubic fit of SHG and
THG respectively and from which conversion efficiency is extracted.

with O, adsorption on the GaAs surface. In regards with the Telecom wavelength here, which
generates carriers through two-photon absorption (TPA) just above the band-gap, the main
oxidation effect is the thermally induced one through carrier recombination [30], and enhanced
by the high carrier surface recombination velocity [12,31]. Therefore, we will focus on the later.

To investigate further the oxidation process, we look at the temperature of the resonator, using
two main different techniques. First by observing the modification of the photo-luminescence
spectra (Fig. 5(d)) using an OSA (Thorlabs), the band gap energy can be probed. Thus one can
retrieve the material temperature as the peak of the photo-luminescence minus kg7 /2 is directly
linked to the temperature [32]. Secondly the spectral shift of the resonance, measured by probing
the THG (Fig. 5(c)), SHG (Fig. 5(b)) and the direct transmission at 1.5 um (Fig. 5(a)), allows one
to measure the shift of the refractive index, hence the temperature of the cavity [33]:

73 T2
n=-1.86x 10*10?[1(3] +3.49 x 10*7[1(2]7 +1.47 x 1074[K~"T + 3.431869 (1)

Using FDTD computation, the resonance wavelength dependence with the refractive index of
this specific device can be retrieved. Considering the equation above, it is easier to write the
dependence of the resonance wavelength versus the refractive index:

A=5.1%10"[m]n? + 5.7 x 10 [m]n + 6.881[m] x 10’ )

Fig 5(e) exhibits the coherence of the results through the four measurements made at
room temperature, and mostly the consistency of the results through the two main types of
characterization. A small wavelength detuning is measured in the transmission map between
direct transmission compared to SHG and THG, which was already observed in other nitride
based material [34]. The maximum increase of the sample temperature is of about 130 K,
namely a resonator temperature of about 430 K which last during several minutes. Even after
few experiments reaching this temperature, no modifications are observed in the cold resonance
wavelength, namely after the cavity has cooled down to room temperature.

In comparison, previous works shown that for an uncoated GaAs sample and a heating at
a temperature of 434 K during 3 min, the PhC resonator exhibited, after cooling down, a
resonance spectral blue shift of 1.4 nm from the resonance at room temperature. Thermally
activated oxide thickness, therefore the irreversible blue wavelength shift [11], can be described

by Ad,es o< VDo exp (%) \t, where Dy is the diffusivity of oxygen in the material and E,,
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Fig. 5. Measurement of the transmission (colormap) of (a) direct transmission at 1.5 ym
(b) SHG signal and (c) THG signal versus the input power and the input wavelength. (d)
Measurement of the photoluminescence for different input power at 1.5 um. (e) Extracted
temperature of the cavity using the two methods, namely spectral shift (blue, red and green
circles) and band-gap energy measurement (yellow circles)

the activation energy. Our total experimental time is order of magnitude longer than the one
shown in ref. [11] (experiments shown here are on the time scale of several minutes for the same
input power, and have been repeated several time), without exhibiting any irreversible change in
the resonance wavelength. We can then conclude that the ALD layer creates a barrier from the
atmosphere, reducing drastically the diffusivity of oxygen into the GaAs, and then quenching
photo-induced oxidation. It allows to reach high input power, thus high SH and TH output power.

3. Conclusion

In conclusion, we have shown here high output power for SHG and THG in PhC resonator
made of GaAs. Indeed, conform encapsulation of the material with Al,O, made by ALD
prevents photo-induced oxidation leading to an irreversible blue shift of the resonance. Therefore,
high input power can be injected into the system without permanently damaging the structure.
Measurement of the system temperature was achieved by measuring the shift of the resonance
wavelength and by measuring the photo-luminescence spectra. The system reaches a maximum
temperature of 434 K, without any degradation of the resonator. This open new perspectives
such as, thermally controlling the cavity resonance [35] without degrading the material or, the
improvement of SHG and THG power collected in integrated micro-cavities.
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