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Circulator-Free Brillouin Photonic Planar Circuit

Yang Liu,* Amol Choudhary, Guanghui Ren, Duk-Yong Choi, Alvaro Casas-Bedoya,
Blair Morrison, Pan Ma, Thach G. Nguyen, Arnan Mitchell, Stephen J. Madden,

David Marpaung, and Benjamin J. Eggleton™

1. Introduction

On-chip stimulated Brillouin scattering (SBS) that results from enhanced

light-sound interactions, has recently demonstrated great applicability and
versatility for signal generation and manipulation. Progress toward realizing
fully integrated Brillouin photonic circuits is promising; however, the control
and routing of on-chip optical waves requires non-reciprocal elements such as
circulators, which is challenging and adds complexity. Here, a circulator-free
Brillouin photonic planar waveguide circuit which eliminates the need for
separate non-reciprocal elements is demonstrated. Backward inter-modal
Brillouin scattering (BIBS) is used in a planar photonic integrated circuit, for
the first time, to provide Brillouin processing capability in a multi-modal
waveguide, conveniently allowing for the separation of counter-propagating
pump and signal using passive integrated mode-selective filters. Using an
As,S;-Si hybrid multi-modal photonic circuit, inter-optical-mode energy
transfer with a Brillouin gain coefficient of 280 m~'"W~' is experimentally
demonstrated, representing two orders of magnitude enhancement

Stimulated Brillouin scattering (SBS)
is an optomechanical interaction that
originates from coherent nonlinear cou-
pling between optical waves and sound
waves.ll' SBS has been widely inves-
tigated in bulk medial>’ and optical
fibers,!*¢l and has underpinned a wide
range of important applications, based
on the unique nature of high-efficiency
parametric (de)amplification and the
ultra-fine spectral selectivity.”] Recent
advances in inducing and harnessing
Brillouin scattering in centimeter-scale
photonic chips!®'°] have enabled en-
hanced functionalities and advanced
signal processing capabilityl'®18  for
signal synthesis,"**] microwave pho-

compared to conventional optical fibers. This on-chip BIBS circuit allows tonic  processing,233]  optical com-

for independent routing of pump and signal waves, showing resilience
to the cross talk. The experimental demonstrations provide an important
basis for achieving fully integrated Brillouin photonic circuits without
requiring on-chip circulators and fine spectral filtering, opening a new
dimension for studying spatial-dependent photon-phonon nonlinear

dynamics.

munication  carrier regeneration, %]
signal storage,[®?° and ultra-sensitive
detection.”’]. New hybrid integration
approaches allow for the co-integration
of lasers,[®! modulators,?’! detectors(*"]
and functional processing units,[?>3!]
providing the basis of a fully integrated
Brillouin photonic chip that incorporates
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Brillouin-active elements with functional photonic circuits,
essential for enabling compact and robust signal processing
systems.

Realizing fully integrated Brillouin photonic circuits requires
the separation of pump and signal waves after Brillouin interac-
tions, in order to avoid crosstalk and to protect critical devices
such as lasers and photodetectors. Conventionally, the control
and management of counter-propagating pump and signals
for on-chip backward SBS devices requires off-chip circulators
and fine-resolution filters, which spatially separate these closely
spaced wavelengths on the basis of their propagation directions
and wavelength, respectively. Although there has been good
progress in the development of on-chip broadband optical
circulators, the additional complexity of integrating magneto-
optic materials and the need for off-chip excitation of magnetic
fields!*32] can be prohibitive. On-chip Brillouin-based active non-
reciprocal elements®334] are promising but current approaches
require suspended silicon membranes that compromise device
robustness, and the intrinsic optical nonlinear loss of silicon
limits achievable Brillouin gain in single-pass waveguides.[3>3¢]
Therefore, a passive and simple approach, which allows for
the separation of pump and signal waves without the need
for on-chip circulators and high-resolution filters is highly
desirable.

In this paper we report the first demonstration of on-chip back-
ward inter-modal Brillouin scattering (BIBS), as the basis of a
circulator-free multi-modal Brillouin circuit. In a hybrid As,S;-
Si photonic planar chip, integrated silicon multiplexers can ex-
cite separate optical modes for the pump and signal waves in
an As,S; planar waveguide for BIBS process, which allows for
inter-modal Brillouin amplification and energy transfer without
nonlinear loss. The pump and signal waves are then separated by
the silicon mode-selective filters to independent ports. The fab-
ricated BIBS photonic circuit has reduced susceptibility to sig-
nal crosstalk caused by pump reflection due to the spatial sepa-
ration of the input/output ports for signal and pump waves. This
work makes an important step toward monolithically integrated
Brillouin photonic systems by eliminating the need for complex
and challenging circulators and fine-resolution filters, and also
provides a new platform for exploring mode-dependent photon—
phonon interaction dynamics.

2. Results

Figure 1 shows a conventional Brillouin photonic circuit and
the circulator-free Brillouin circuit based on BIBS. A pair of oft-
chip optical circulators is usually required in the conventional
scheme, as shown in Figure la. In contrast, in the proposed
scheme, the optical signal in a fundamental mode injected via
Port 4 is converted to a higher-order optical mode using a modal
multiplexer, which is subsequently coupled to the multi-modal
Brillouin-active waveguide, as show in Figure 1b. At the other
end, the optical pump injected via Port 1 stays in the funda-
mental mode all the way through the entire circuit and exits the
chip via Port 3. The BIBS process occurs in the Brillouin-active
waveguide; the pump in the fundamental mode amplifies the
counter-propagating signal in the higher-order mode. The am-
plified signal wave is then converted back to the fundamental
optical mode using a modal demultiplexer and exits via Port 2. In
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Conventional Brillouin Photonic Circuit

b Circulator-Free Brillouin Photonic Circuit

(de) multiplexer (de) multiplexer

Figure 1. Concept and comparison of a) a conventional Brillouin photonic
circuit that accommodates pump and signal in the same optical mode, and
b) a circulator-free Brillouin photonic circuit that involves two distinct op-
tical modes. For illustration purpose, transverse-electric (TE) modes, that
is, TEy and TE; are used to illustrate the scheme of a circulator-free inte-
grated Brillouin photonic circuit. Circ, optical circulator; Refl, reflection.

this process, well-established photonic integrated mode-selective
devices!*’*8] conveniently separate the transmitted pump and
signal waves, based on their distinct mode properties. Moreover,
the signal crosstalk can be well suppressed, since the injection
and extraction of pump and signal waves uses spatially separated
ports.

Figure 2 illustrates the principle of the BIBS process, where
two distinct optical modes (one symmetric denoted in solid blue
and one anti-symmetric in dashed red) are represented by two
different dispersion curves in both, the forward and backward
directions. Here, we focus on the illustration of BIBS between
first two orders of optical modes, for the sake of clarity. We
assume that a CW optical pump wave in the lower-order optical
mode (symmetric type) propagates in the forward direction at
frequency w,. An acoustic wave with matched wave vector and
frequency can mediate the coupling between a signal wave o, , in
a higher-order optical mode (anti-symmetric type) and the pump
wave (symmetric type). This inter-modal coupling forms the ba-
sis of the BIBS process that enables energy transfer between two
different optical modes; this is in contrast to the conventional
backward SBS (intra-modal BSBS) process involving two identi-
cal optical modes, as shown in Figure 2a. Due to the wave vector
difference between the two distinct optical modes, the wave vec-
tor of the acoustic wave mediating the BIBS process differs from
that of the intra-modal SBS processing. As a result, the BIBS pro-
cess produces a Stokes gain resonance at a different frequency
from that of the conventional intra-modal SBS, as shown in
Figure 2b. The resultant gain coefficient of BIBS depends on the
three-wave field overlap. Although pioneering demonstrations
of BIBS process have been made in a micro-sphere cavity,*!
in few-modal fibers!***] and recently achieved in single-
modal optical fibers between the core mode and the cladding
mode,!*?] it has not yet been well explored in integrated photonic
platforms.[*}] Forward inter-modal Brillouin scattering between
co-propagating optical waves was reported in micro-structured
fibers,!*l and was recently demonstrated in suspended silicon
membrane photonic circuits*®! which enabled an isolator®*! and
a silicon Brillouin laser.I**] While suspended devices have yielded
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Figure 2. The principle of BIBS process. a) The dispersion diagram and b) spectral responses of inter-modal and intra-modal Brillouin scattering pro-
cesses.
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Figure 3. Design, fabrication and simulation for the circulator-free Brillouin photonic circuit. a) Fabrication process illustration, b) the schematic of the
hybrid section consisting of a silicon modal multiplexer and a multi-modal As,S; Brillouin waveguide outlined by the dashed box in (a). ¢) Simulated
optical intensity (top view) in the silicon mode (de)multiplexer illustrated in (b). d) The optical image of the hybrid section where the silicon waveguide
is overlaid with the As,S; waveguide. e) The scanning electron microscopy image of fabricated multi-modal As,S; waveguide cross section. f) The
calculated dominant electric field component (E,) of the optical TEy mode and the optical TE; mode, as well as the dominant longitudinal displacement
(U,) of the acoustic modes for the BIBS and SBS process, respectively. g) Calculated gain coefficients of BIBS and conventional SBS. EBL, electron beam
lithography; ICP, inductively coupled plasma.

brid integration technology.3!#¢1 Two identical silicon modal cou-
plers are connected to the input and output of a spiral shaped

attractive features, they add fabrication constraints to the devel-
opment and robustness of complex photonic-phononic circuits

and systems.

Figure 3a shows the schematic and the fabrication process of
the proposed integrated BIBS photonic circuit (see Section 4).
Silicon mode (de)multiplexers and As,S; multi-modal Brillouin
waveguide are simultaneously integrated using the As,S,-Si hy-
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multi-modal As, S, Brillouin waveguide. The silicon grating cou-
plers (partially etched) are oriented toward one side in an arrayed
arrangement with a pitch of 127 pm, which allow for the light
input and output coupling using a fiber array. The minimum to-
tal coupling loss of the hybrid BIBS device is 18.8 dB, including
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an average coupling loss of 13.5 dB introduced by a pair of sili-
con grating couplers. For future applications, the input and out-
put ports can directly interface with extended silicon photonic cir-
cuits via single-modal silicon waveguides.

The multi-modal output of the silicon multiplexer is tapered
to a width of 0.15 pm for adiabatic light coupling in the As,S;-Si
overlay region, as shown in Figure 3b. The mechanism of the
silicon mode (de)multiplexer is illustrated by the numerical
simulation of mode coupling in Figure 3c. The fundamental
optical TE, mode in the narrower waveguide (the upper arm)
is efficiently coupled to the higher-order TE, mode in the wide
waveguide (the lower arm), due to the phase matching of effec-
tive refractive indices of the TE, and TE, modes in the coupling
area. Similarly, the TE, mode in the wider waveguide can be cou-
pled to the TE, in the narrow waveguide with the same coupling
efficiency, when TE, propagating reversely in the silicon modal
coupler due to its linear reciprocal optical property. In contrast,
the TE, mode in the wide silicon waveguide remains in the same
mode, due to the effective refractive index mismatching with
other optical modes. The silicon mode coupler is numerically
designed to achieve the mode conversion from TE, mode via
Port 4 to TE, in the tapered silicon multi-modal waveguide with
a conversion efficiency of —0.5 dB. Due to the tapered multi-
modal waveguide design, the mode conversion crosstalk can be
suppressed to be less than —40 dB. We utilized curved interfaces
to release the tensile stress to avoid causing cracks along the
As, S; waveguide, as shown in Figure 3d. As, S,-Si overlay region
produces negligible mode transition loss for TE, mode and <0.4
dB loss for TE,, respectively; less than —19 dB of the mode power
will be converted to other higher-order optical modes, according
to numerical simulations. Figure 3e shows the cross section
(outlined by dashed box) of the As,S, strip waveguide with a
designed dimension of 1900 nm X680 nm on a buried oxide
substrate with low-temperature sputtered silica upper cladding.
The columnar feature in the silica upper cladding leads to a
measured optical propagation loss of around 1 dB cm™! for the
fundamental optical mode; the loss can be reduced using ion
beam sputtering technique that provides a higher quality of
silica cladding sputtering. The overall propagation loss of the
TE, mode is around 3.5 dB cm™! including the contribution
from bending loss. Although in principle this BIBS circuit can
be implemented using pure As,S, planar waveguides,??! the
fabrication of 150 nm wide gap in 700 nm thick As,S; film for
modal couplers is challenging due to the high aspect ratio for
etching.

Figure 3f shows the dominant field components of simulated
optical modes (TE, and TE; modes) accommodated in the multi-
modal As,S,, with an effective refractive index of 2.27 and 2.17,
respectively. This strip waveguide is highly birefringent due to
the rectangular cross section, and thus we mainly consider the
TE polarized optical modes that can maintain the polarization
while propagating in the waveguide. Using a full-vectorial finite
element analysis approach,/*’] the dominant longitudinal dis-
placement of the acoustic mode that mediates the BIBS process
is shown in Figure 3f (1900 nm X680 nm As, S, waveguide core
buried in silica); the acoustic displacement represents a measure-
ment of distance of the movement of medium with unit volume
from its equilibrium position. The acoustic mode for BIBS can
yield a non-zero integral field overlap with the two optical modes,
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producing a decent Brillouin gain. In comparison, the dominant
acoustic mode for conventional SBS process shows a symmetric
field distribution. The acoustic displacement component (U,)
exhibits complex field distribution due to the As,S; waveguide
is heavily multi-modal for acoustic waves. The numerical cal-
culation shown in Figure 3g indicates a dominant BIBS gain
coefficient of 320 m~'W=! in the designed multi-modal As,S,
waveguide, which is about half of the gain coeflicient of the
conventional intra-modal SBS in the Brillouin waveguides with
same dimensions. The full width at half maximum (FWHM)
linewidth (~30 MHz) of the BIBS is similar to that of the con-
ventional inter-modal SBS process. The reduced gain coefficient
mainly results from the decreased field overlap of TE; and TE;
modes for the BIBS process, compared to the case of intra-modal
SBS with two identical TE, modes, as shown in Figure 3f. A few
weaker gain peaks exist in the calculated responses, originating
from acoustic modes that have non-zero overlap with the optical
modes. The calculated Brillouin frequency shift (BFS) of BIBS
is ~65 MHz lower than that of intra-modal SBS, owing to the
reduced acoustic wave vector. The difference in BFS can be con-
trolled by engineering the effective refractive indices of optical
modes. It should be noted that BIBS process can be induced be-
tween other optical TE modes, transverse-magnetic (IM) modes,
and distinct polarized optical modes, once the symmetry proper-
ties of optical fields and acoustic field allows for non-zero integral
overlap.[*8]

We proceed to investigate the BIBS process in the fabricated
hybrid Brillouin photonic chip using the experimental setup
illustrated in Figure 4a (see Section 4). The pump wave and
signal wave are directly coupled to the chip through Port 1 and
Port 4, respectively, without using any non-reciprocal optical
devices such as circulators; this configuration is in contrast to the
setup for conventional backward SBS. This important advantage
is offered by the combination of the BIBS process and the mode-
selective devices. We experimentally evaluated the Brillouin gain
coefficient of BIBS in order to verify the simulations shown in
in Figure 3f. Figure 4b shows the measured Stokes responses of
BIBS (TE;-TE,) and the conventional SBS (TE,-TE,) in a hybrid
photonic chip with a 1.9-cm-long As,S; waveguide, under a
constant coupled on-chip pump power of 100 mW. The BIBS
exhibits a gain of resonance with a Brillouin frequency shift
(BES) of 7.585 GHz, while the intra-modal SBS shows a higher
BES of 7.645 GHz. In the measurement for the conventional
intra-modal SBS, off-chip fiber-based optical circulators were
inserted between the generated pump/signal waves and the
chip, coupled through using Port 1 and Port 2, respectively.
As illustrated in Figure 2, the difference in BFS is due to the
distinct wave numbers of acoustic waves participating in the
BIBS process and the intra-modal SBS, which demonstrates
the generation of BIBS in the hybrid As, S;-Si photonic chip. The
measured Brillouin gain is mainly limited by the relatively high
optical propagation losses due to the roughness of silica upper
cladding with columnar structures and tight waveguide bends.

By fitting the measured results shown in Figure 4c, the Bril-
louin scattering from TE, mode to TE, BIBS has a Brillouin
gain coefficient of 280 m~'W~1, which shows an enhancement of
about 300 times compared to that measured in few-modal optical
fibers.I*!l The two order of magnitude enhancement is achieved
due to the tightly confinement of optical and acoustic waves in
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Figure 4. Experimental demonstration of the circulator-free Brillouin photonic circuit. a) Experimental setup and configuration. Measured b) on/off
Brillouin Stokes responses of BIBS and conventional SBS under 100 mW optical pump power, and c) gain as a function of coupled pump power in a
hybrid chip with a 1.9-cm-long As,S; waveguide. SSB+C, single-sideband modulation with carrier; VNA, vector network analyzer; PD, photodetector;
IM, intensity modulation; BPF, optical bandpass filter; EDFA, erbium-doped fiber amplifier.

wavelength-scale photonic waveguides. The measurements are
well matched with the numerical calculations shown in Figure 3f,
in comparison with conventional intra-modal Brillouin scatter-
ing (650 m~'W~1) between two identical TE, modes measured in
the same chip. The difference in gain coefficients is due to the
fact that the integral field overlap of the symmetric (TE,) and the
anti-symmetric (TE;) modes in BIBS is smaller than that of two
TE, modes in the intra-modal SBS process, according to the sim-
ulated optical and acoustic fields shown in Figure 3f. The mea-
sured gain coefficient indicates that the BIBS process in the hy-
brid chip can yield appreciable Brillouin gain in centimeter-long
waveguides for signal generation and processing applications,
while sustaining reduced complexity and footprint.

The BIBS interaction can also enable the energy transfer from
a higher-order optical mode to a lower-order optical mode, in
a reverse fashion to the scheme shown in Figure 2a. In experi-
ment, we swapped the order of the optical modes of the pump
and the signal by switching the input ports, that is, from Port 1 to
Port 2 for pump, and from Port 4 to Port 3 for signal, respectively.
Therefore, the pump wave is coupled to the TE; mode, while
the signal wave stays in the TE; mode in a 8-mm-long As,S,
waveguide. We switched to this shorter hybrid BIBS waveguide
due to the sample availability during experiments. The applied
pump power is currently limited by the damage threshold of
the silicon grating couplers, which can be further increased
using materials and structures with a higher power handling
capability. Figure 5a shows the measured Stokes and anti-Stokes
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Figure 5. Demonstration of two-way energy transfer between distinct op-
tical modes using the hybrid BIBS photonic circuit. Insets show the calcu-
lated optical modes in the hybrid chip.

responses of the BIBS process, when the pump (100 mW) is
carried by a higher-order optical mode (TE,). The measured gain
resonance at the Stoke frequency indicates that the energy in the
higher-order optical mode (TE,) is transferred to the lower-order
optical mode (TE,), while the loss resonance at the anti-Stokes
frequency reveals an energy flow from the TE, mode to the TE,;
mode. The measured Brillouin amplification (de-amplification)
is mainly limited by the short (8 mm) As, S, waveguide length.
One can note that the Stokes process of BIBS in Figure 5b shows
saturation at a power pump power around 80 mW due to the
higher loss of the optical pump and the limited waveguide length.
Figure 5b also shows the parametric energy transfer as a function
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Figure 6. Measured optical powers of reflected pump at Port 1 and trans-
mitted signal at Port 2. BIBS chip shows the robustness to signal crosstalk
caused by pump reflection, compared to the conventional Brillouin circuit
scheme.

of the pump power for the Stokes and anti-Stokes components,
respectively. The slight difference in the gain slope for Stokes and
anti-Stokes at a pump power of >50 mW is due to the measure-
ment uncertainty in the small signal detection. These measure-
ments indicate that the BIBS process can achieve controllable
energy transfer between two distinct optical modes, which
implies a great potential for amplifying and filtering of signals in
distinct mode channels in on-chip mode-division multiplexing
systems.

The proposed hybrid BIBS chip can avoid the signal crosstalk
between the probe and pump waves, since the input and output
ports for pump and signal waves are spatially separated. Figure 6
shows that the transmitted signal (off resonance) at Port 2 stays
unaffected. In contrast, the pump reflection (measurement
assisted by an off-chip circulator) increases as the pump power
ramps up by >15 dB. This crosstalk mitigation capability is
unattainable in conventional SBS schemes where the pump and
signal waves share the same input and output ports. We note
that the roll-off in pump reflection at high powers is due to the
thermal-induced coupling drifting in fiber-to-chip coupling and
is not due to nonlinear loss in the waveguide.

3. Conclusion

The demonstration of on-chip BIBS and its attractive advantages
in signal manipulation and crosstalk reduction present an im-
portant technical step forward, providing a promising solution
to eliminating the need of complex and challenging on-chip de-
vices to control and route optical signals. Although the immedi-
ate application of the on-chip BIBS in signal processing, amplifi-
cation and signal generation is currently constrained by the lim-
ited Brillouin gain, several feasible improvements can be made
to significantly increase the achievable gain by reducing the op-
tical losses to <1 dB cm™! level, through using improved etch-
ing process to reduce the waveguide sidewall scattering loss, as
well as deploying larger and optimized multi-modal bends to
avoid additive mode conversion loss.[*] Thus, it is possible to
achieve >20 dB BIBS gain and net signal gain in single-pass
waveguides, which is desirable for practical applications. This
level of foreseeable performance will compete and possibly over-
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take the demonstrated single-digit Brillouin using forward SBS
in ultra-loss silicon suspended waveguide!>>%l that is currently
limited by the silicon nonlinear losses and the achievable waveg-
uide length. The recent emergence of on-chip surface acoustic
wave (SAW) transducers!'%] provides a promising way to effi-
ciently excite acoustic waves in integrated photonic circuits, with-
out requiring complex waveguide structures or hybrid material
integration.’*2] Among these reported, the recent electrically
driven approach utilizing a non-suspended silicon waveguides
promises a flexible control of photon—phonon interaction with-
out the need of optical pump to excite acoustic waveguides, which
provides an alternative technique to facilitate advanced Brillouin-
based applications.

In conclusion, we have demonstrated a novel integrated Bril-
louin photonic circuit that allows for direct interfacing and inte-
gration with well-established photonic integrated circuits, with-
out using on-chip or off-chip optical circulators. This is achieved
by leveraging the Brillouin scattering between different spatial
optical modes and mode-selective filtering, in an integrated hy-
brid As, S;-Si photonic circuit platform. This scheme simultane-
ously enables multi-fold advantages including inter-modal non-
linear energy transfer with a Brillouin gain coefficient of 280
m~'W-!, pump and signal routing without using on-chip circu-
lator, and reduced susceptibility to the crosstalk caused by pump
reflections. This demonstrated scheme is an important step to
achieving monolithically integrated Brillouin photonic proces-
sors and provides a novel platform to explore inter-modal light—
sound interaction dynamics.

4. Experimental Section

Sample Fabrication: Firstly, a base silicon circuit including silicon
mode (de)multiplexers, grating couplers, and tapered silicon nanowires
(see detailed dimensions in Figure 3b) was fabricated, using electron
beam lithography (EBL) and inductively coupled plasma (ICP) etching to
pattern the fully etched silicon modal couplers. Subsequently, an amor-
phous As,S; film was thermally deposited in a targeted open region next
to the silicon tapered nanowires using a shadow mask. Optical and ther-
mal annealing was used to stabilize the refractive index of As,S; at n =
2.44 at the wavelength of 1550 nm. Then, the As,S; multi-modal strip
waveguides were fabricated using EBL and ICP dry etching in an Oxford
Plasmalab 100 ICP RIE system using a mixture of CHF3, O, and Ar gases.
Finally, a SiO, upper-cladding with a thickness of T um was deposited via
the low-pressure sputtering process.

Experimental Measurement:  One portion of a laser was modulated us-
ing a dual-parallel Mach-Zehnder modulator (DPMZM), to generate a
single-sideband optical signal, as shown in Figure 4a. The sideband fre-
quency was linearly swept over frequency range that covers the BIBS-
induced resonances, while the optical carrier serves as an optical oscilla-
tor that provides heterodyne measurement with the sweeping sideband in
photodetection. This single-sideband signal was injected into the photonic
chip via Port 4, and was subsequently coupled into the multi-modal As,S;
waveguide. The other tap of the laser output was modulated by an intensity
modulator which generates two optical sidebands; an optical bandpass
filter selected the higher sideband as the optical pump wave. The optical
pump wave was amplified by an erbium-doped fiber amplifier, before being
sent to the chip via Port 1. The optical sideband of the probe signal was
amplified (or de-amplified) by the pump in TE; mode via the BIBS process.
The output probe signal exited the chip via Port 2. The processed probe
signal was coupled out of the chip through Port 3 and then collected by
a photodetector. An electrical vector network analyzer mapped the SBS
response to the RF domain.

© 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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