Check for
updates

Vol. 46, No. 21 /1 November 2021 / Optics Letters 5433

Optics Letters

Visible photon generation via four-wave mixing in
near-infrared near-zero-index thin films

ENRICO G. CARNEMOLLA,' WALLACE JAFFRAY,'

DANIELE Faccio,?

MATTEO CLERICI,2 LuciA CASPANI,3

FABIO BIANCALANA,' CLAYTON DEVAULT,” VLADIMIR M. SHALAEV,®

ALEXANDRA BoOLTASSEVA,®> AND MARCELLO FERRERA''*

TInstitute of Photonics and Quantum Sciences, Heriot-Watt University, SUPA, Edinburgh EH14 4AS, UK

2James-Watt School of Engineering, University of Glasgow, Glasgow G12 8QQ, UK

3Institute of Photonics, Department of Physics, University of Strathclyde, Glasgow G1 1RD, UK

“School of Physics and Astronomy, University of Glasgow, Glasgow G12 8QQ, UK

>Department of Physics & Astronomy and Birck Nanotechnology Center, Purdue University, West Lafayette, Indiana 47907, USA

*Corresponding author: m.ferrera@hw.ac.uk

Received 15 June 2021; revised 13 September 2021; accepted 13 September 2021; posted 17 September 2021 (Doc. ID 433834);

published 28 October 2021

Optical nonlinearities can be strongly enhanced by operat-
ing in the so-called near-zero-index (NZI) regime, where the
real part of the refractive index of the system under investiga-
tion approaches zero. Here we experimentally demonstrate
semi-degenerate four-wave mixing (FWM) in aluminum
zinc oxide thin films generating radiation tunable in the
visible spectral region, where the material is highly trans-
parent. To this end, we employed an intense pump (787 nm)
and a seed tunable in the NIR window (1100-1500 nm) to
generate a visible idler wave (530-620 nm). Experiments
show enhancement of the frequency conversion efficiency
with a maximum of 2% and a signal-to-pump detuning of
360 nm. Effective idler wavelength tuning has also been
demonstrated by operating on the temporal delay between
the pump and signal.
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Integrated nonlinear systems have the ambitious goal of efh-
ciently manipulating light with light on subwavelength optical
paths [1]. To this end, parametric processes are key for coherent
light generation at wavelengths not easily accessible via direct
material engineering while also being particularly relevant
in the domain of quantum optics [2]. However, all-optical
integrated systems must overcome outstanding challenges to
have an impact on real-life applications (e.g., scalability issues
and weak nonlinearities). Promising results have been recently
reported using transparent conducting oxides (TCOs) [3,4].
These are hybrid compounds attained by extreme doping of
wide-bandgap materials for which the enhanced carrier concen-
tration (typically of the order of 102! cm™3) pushes the Fermi
level up into the conduction band, thus effectively widening the
natural energy gap of the intrinsic material via Moss—Burstein
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shift. In this way, both electrical conductivity and optical trans-
parency can be enhanced at the same time [5]. In addition to
being optically tunable, CMOS compatible, and relatively
transparent, these materials allow access to the so-called near-
zero-index (NZI) regime at telecom wavelengths in their bulk
form, where the material nonlinearities have been shown to be
significantly enhanced [6—13]. A rigorous analysis performed on
the dispersive properties of TCOs revealed a low group velocity
near its NZI region, the origins of which can be understood
from Eq. (1) below

c/e(w)

= o de(w) *
e(w)+ 55

(1

Ve

The low group velocity leads to slow light effects similar
to other systems such as photonic crystals and micro-cavities
[14-18]. However, TCOs have several relevant practical advan-
tages over other nonlinear systems, such as a reduced effective
propagation distance and ease of fabrication. It is, however,
essential to point out that fundamental differences remain
between structured slow light and material slow light [19]. For
instance, while the former case is typically accompanied by a
field enhancement, the latter is not. We should also underline
that in our materials both permittivity and index approach zero
in the near-infrared region (NIR). These two conditions are not
equivalent but are both at the base of a plethora of interesting
effects and enhanced nonlinearities [20—25]. As said, we should
always keep in mind that operating at the wavelength where the
material’s real permittivity vanishes (epsilon-near-zero region) is
insufficient to guarantee a correspondent near-zero index.

Up to now, x® processes in NZI media have mainly been
investigated around degeneracy in the infrared part of the
spectrum [26,27]. Research efforts have also been made to
exploit alternative ENZ materials in the visible (VIS) spectral
range [28,29]. However, only organic thin films have produced
relevant nonlinear results with acceptable transparency [30].
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Fig.1.  Schematics of the semi-degenerate four-wave mixing process
in aluminum zinc oxide (AZO) thin films. The sketch represents the
out-of-plane configuration used for the experiments plus the tunable
temporal delay between pump and signal. The inset at the bottom
reports the simplified energy diagram and conditions for energy and
momentum conservation.

In this Letter, we report on semi-degenerate four-wave mix-
ing (FWM), [20, = w; + w;; the degeneracy only involves the
two photons from the pump wave (see Fig. 1)] in aluminum zinc
oxide (AZO) thin films (Anzg & 1350 nm) leading to the gener-
ation of idler frequencies in the VIS range. During the process,
two pump photons are converted into an amplified signal and an
idler photon inside the AZO thin film, according to the energy
conservation rule shown in the inset of Fig. 1 [31]. Momentum
conservation also constrains the FWM process, resulting in opti-
mal conversion efficiencies when phase matching is fulfilled:

E/ep 2;; —i—%, which relaxes, in the case of subwavelength
films, to the condition of transverse momentum conservation:
k; = —k, (where we have considered that the pump impinges on
the thin film at normal incidence). The FWM process reported
here is of particular technological relevance because TCOs
possess very high transparency in the VIS window and idler pho-
tons are entirely available for signal processing when coherence
preservation is a fundamental concern (e.g., for manipulating
quantum states). In addition to this, the FWM process is also
attractive for the design of compact tunable sources [32] and
potential integration with other emerging material platforms
operating in the VIS-NIR wavelength ranges (e.g., perovskites
(33D).

Our results show that, for a pump-to-signal wavelength
detuning of about 360 nm, the external conversion efficiency
Nexe Of the FWM process, here defined as the ratio between
external idler and seed signal intensities, Nexe = L exe/ Z; exts
exhibits a threshold-like behavior with a steep rising gradient
(3%/100 nm). Even though characterization of the nonlinear
process was not possible at wavelengths below 1 pm, due to
the limited tunability range of the optical parametric amplifier
(OPA) in use, the high efficiency gradient makes the experi-
mental configuration used in our work of practical interest. It is
worth noting that the experimentally demonstrated 2% conver-
sion efficiency is already potentially useful for those applications
where high-power idler signals are not required, such as spec-
troscopy. The pump and probe experiments also allowed for
investigating how the idler spectrum is affected by the pump-
to-signal delay. We note that the time-dependent change in
the material refractive index induced by the pump pulse was
sufficient to shift the idler spectrum by 24 nm on average, as the
signal swipe in time the pump. The frequency detuning attained
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Fig.2. Refractive index (blue) and relative permittivity (orange) of
AZO film. Data recovered via inverse transfer matrix method.

in this way was larger than the idler bandwidth, thus providing
an interesting route for ultra-fast optical routing.

Experiments have been conducted on a 900-nm-thick AZO
film deposited on a fused silica substrate, the latter ensuring a
negligible nonlinear contribution as proven during the exper-
iment calibration procedures. The AZO film was deposited
on the silica substrate by pulsed laser deposition. Fabrication
details can be found in [34]. The complex refractive index and
permittivity were calculated by fitting reflectance and transmis-
sion data, calculated through a transfer matrix approach, with
experimental reflection and transmission data (see Fig. 2). A
few factors determined the choice of AZO over other TCOs:
(i) higher electron mobility and lower optical losses at telecom
wavelengths [35,36]; (ii) ease of fabrication [34,37]; and (iii)
sustainability (AZO is not composed of rare elements such
as indium) [38]. In addition to these desirable features, AZO
(as most of the ZnO-based TCOs), also exhibits remarkable
piezoelectric, pyro-electric, and piezo-optic properties, which
makes it very versatile for the fabrication of different nano-
devices with multiple functionalities [39,40]. The experiment
relied on a standard pump and probe setup (see Fig. 3), where
the pump signal was delivered by a Ti:sapphire laser emitting
110 fs pulses with a repetition rate of 100 Hz. Part of the pump
is used to feed an OPA that generates the tunable signal wave
(1050-1500 nm). Pump and signal propagate along two differ-
ent optical paths before being spatially overlapped and focused
onto the AZO sample. Both pump and signal impinge the
film at approximately normal incidence (<10°). A motorized
stage regulates the time delay 7 between pump and probe with
femtosecond precision.
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Fig.3. FWM Experimental setup. A pump beam at 787 nm ampli-
fies a tunable signal (1050-1500 nm) in a highly nonlinear thin AZO
film. Idler photons are generated in the visible range (*530—620 nm)
according to energy conservation. A delay line allows for studying the
process dynamics.
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The pump-to-signal waist ratio was set to 5:1, while oper-
ational fluences for pump and signal beams were 37 m]J/cm?
and 10 mJ/cm?, respectively. Idler spectra were recorded with
a compact spectrometer (Ocean Optics) calibrated in spectral
power density. In Fig. 4, we show the most relevant graphs
pertaining to the performance of the FWM process investi-
gated. Experiments show low conversion efficiency (<0.1%)
for signal wavelength larger than 1150 nm. The maximum
conversion efficiency was measured to be about 2% within the
signal wavelength range provided by the OPA, with no sign of
saturation. The limited OPA range restricts the bandwidth over
which the idler radiation is generated with high efficiency within
nearly 80 nm (see blue area Fig. 4). It is important to note that
broadband ellipsometry measurements point toward a further
increase in the efficiency for signal-to-pump wavelengths detun-
ing over experimental capacity. Since a direct evaluation of x
would be experimentally problematic, the monotonic behavior
reported in Fig. 4 is instead investigated by fitting the Eq. (2) to
our experimentally retrieved fex, [41]

[iext i (3)1L2
. =TTT29(wX )

Ge %t (2)
idsdp >
I exe 4nin;n, 6480

Next =

where x @ is the third-order nonlinear susceptibility, G is the
phase matching factor, w; is the idler frequency, L is the effective
overlap length of the fields involved in the FWM process (here
approximately equal to the film thickness), and 7;; , refers to
the idler, signal, and pump intensities, respectively, while the
subscript “ext” denotes fields external to the film. 7; refers to
the transmission coefficient from AZO to silica for the idler,
calculated at signal wavelengths, while 7; , is the transmission
coefficient from AZO to silica for signal and idler wavelengths,
respectively. We can reach the above equation through ana-
lytical treatment of semi-degenerate coupled-wave formalism
where the attenuation coefficients for idler, signal, and pump
waves are indicated by «;; ,, and the momentum mismatch
Ak = 2/e — /e —k, is automatically satisfied in the thin-film
condmon Con51der1ng negligible the attenuation at the idler
frequencies and recording the output idler at the emission angle,
the phase matching factor G, Eq. (3), reduces to a function of
film thickness and attenuation factors alone

o 4(1 — exp <_(0‘:+22a2)L))2‘ o

((a5+2a2)L)2
2

As we can see by comparing the numerical and experimen-
tal data in Fig. 4, the general trend of the FWM conversion
process is well explained by our considerations. The fit in Fig. 4

was achieved with a value of x® =0.91 x 10_20 ™ This
value is very close to the one reported in [6], whlch ranges
from 1.5 x IO’ZOI\;‘—E —9.5x 10’20‘3—;. A justification for
the monotonic behavior of the efficiency can be established
by considering the reflectivity at the air AZO interface, which
drops off as the signal wavelength is reduced, thus increasing the
optical power available for FWM. The inset of Fig. 4 shows the
plot of measured idler power versus increasing values of pump
power squared. The almost linear trend demonstrates that the
FWM process was correctly identified. No sign of saturation was
detected within the covered power range.
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Fig. 4. Nonlinear conversion efficiency for the FWM process as a
function of the signal wavelength. Due to the threshold-like behav-
jor, an effective tunability range can be identified within which idler
photon generation is more efficient (blue area). (a) Idler power versus
pump power squared. As expected from the energy conservation
diagram pertaining to the FWM process, the power of the converted
signal (idler) follows a linear behavior regarding the pump power
squared.
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Fig. 5. Idler tunability range (via temporal synchronization) as a

function of the signal wavelength. For a given signal wavelength, a
triplet of points is provided indicating the wavelength peak location at
7 =0 and for the adjacent spectra. Across the entire tunability range
of the OPA, a wavelength shift of 24 nm in average is recorded for the
idler spectra. “Expected curve” is calculated from energy conservation.
The dashed red box highlights a data set reported in further detail in
the inset. Inset shows idler spectra as a function of signal-to-pump
delay 7. 7 =0 indicates the temporal location for which maximum
idler power is recorded at the spectrometer. The two curves adjacent to
the central peak are recorded for the time delays at which the count rate
at the spectrometer is half the maximum.

The remarkable time gradient of the signal index due to the
intense pump can also be used to tune the idler wavelength by
simply operating on 7 [42,43]. This is shown in the inset of
Fig. 5, where five different idler spectra are displayed for vari-
ous pump-to-signal delays. We chose to indicate with T =0
the temporal delay maximizing idler power. By collecting the
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wavelength peak positions as a function of the signal wavelength
at T =0 and at T such that the total counts are ¥, the t =0
value we can plot the main graph, which shows how, by simply
operating on the time delay, the idler spectrum can be tuned
by more than its bandwidth (7 nm) across the entire tunability
range of the OPA (experimental points within the red dashed
box correspond to the spectrain Fig. 5 inset).

The results reported in the present Letter set a favorable
condition for visible photon production via FWM in AZO’s
NZI region. The recorded signal-to-idler conversion efficiency
reaches 2% in the investigated spectral region, with the pos-
sibility of higher efficiencies at shorter (longer) signal (idler)
wavelengths. It is worth mentioning that the material’s refrac-
tive index is still well below unity (z = 0.5) for the signal wave
at the edge of the tunability range (A = 1050 nm). This behav-
ior is compatible with our analysis, which accounts for both
reflectivity and material absorption. In addition to this, we also
demonstrate that the temporal index profile, induced by an
intense pump signal, can be judiciously exploited for tuning the
idler wavelength in a pump/probe configuration. In this regard,
by changing the mutual time delay between pump and signal,
an average frequency shift of about 24 nm is attained on the
central idler wavelength. This result extends our knowledge of
NZI nonlinearities and the possibility of exploiting TCOs for
tunable integrated visible sources.
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