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ABSTRACT

The continuously growing effort toward developing real-world quantum technological applications has come to demand an increasing
amount of flexibility from its respective platforms. This review presents a highly adaptable engineering technique for photonic quantum tech-
nologies based on the artificial structuring of the material nonlinearity. This technique, while, in a simple form, already featured across the
full breadth of photonic quantum technologies, has undergone significant development over the last decade, now featuring advanced, aperi-
odic designs. This review gives an introduction to the three-wave-mixing processes lying at the core of this approach and illustrates, on basis
of the underlying quantum-mechanical description, how they can artificially be manipulated to engineer the corresponding photon character-
istics. It then describes how this technique can be employed to realize a number of very different objectives, which are expected to find appli-
cation across the full range of photonic quantum technologies, and presents a summary of the research done toward these ends to date.
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INTRODUCTION

The far-reaching field of quantum technologies has long developed to
encompass a large number of vastly different applications, including com-
plex computing architectures,1,2 long-range distributed networks for the
transmission of information,3–5 and compact devices leveraging the supe-
rior measurement precision available to quantum systems.6,7 Many of these
applications have been demonstrated in a range of different platforms.

Among these, photonics-based quantum technologies hold par-
ticular promise, featuring a number of unique advantages, both due to
their intrinsic suitability for quantum-mechanics-based applications
and their technological potential:

(1) Photons can be generated and manipulated in complex, high-
dimensional quantum states in several different degrees-of-
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freedom, and are essentially decoupled from their environment,
enabling long-range transmission and room-temperature
operation.8

(2) Photons readily interact with other quantum systems, like, for
instance, atomic ensembles9,10 or single atoms,11 trapped ions,12

or solid-state defects,13 and can be used to connect isolated ele-
ments, or form an interface between different platforms.

(3) Generation, control and detection can be realized in an inte-
grated manner, promising exceptional device stability and up-
scaling potential.14

Due to the vast number of possible, different technologies, real-
world implementation and efficient up-scaling efforts require increasing
amounts of system flexibility and engineerability, to ensure compatibility
between the platform and the different applications. To this end, a wide
range of components, based on photonic circuits, mechanical- and
electro-optical interaction, or quantum interference effects have been
developed to directly manipulate photonic quantum states.14–17

Here, we study a complementary engineering approach by
addressing the processes governing photon generation, originating from
the photons’ nonlinear interaction with the surrounding crystal. This
allows the creation of photons in specific optical modes and precisely
designed quantum states. In particular, this review will focus on
approaches relying on the artificial structuring of the material nonline-
arity, which, naturally present in a uniform fashion, represents an essen-
tially unused degree-of-freedom in the photon generation process.18,19

In the following, we will focus on the strongest, second-order
nonlinear interaction, governing the processes known as three-
wave-mixing, in the single-photon regime, applicable to quantum
technologies. These interactions include spontaneous parametric
downconversion (SPDC), which can be thought of as ‘spontaneous’
downconversion of a high-energy pump photons into photon pairs of
lower energy, generally referred to as signal and idler;20 and single-
photon frequency conversion processes, mediated by sum- and differ-
ence-frequency-generation (SFG/DFG), in which a signal photon is
up-/down-converted to a frequency given by the sum/difference of the
signal and the pump frequency.21

SPDC is commonly used to generate photons of particular
quantum properties at specific frequencies, whereas sum- and
difference-frequency generation is employed to conserve entanglement
and quantum statistics of an input photon while converting it to
another wavelength. Both processes require a strong, classical pump
field to occur efficiently.

Highly engineerable control of SPDC and sum- or difference-
frequency generation can be realized by artificially structuring the
material to manipulate its nonlinearity tensor.22 This is achieved by
inversion of locally constrained nonlinear domains, resulting in a non-
linearity either orientated ‘up’ or ‘down’, with positive or negative
signs, respectively, corresponding to the orientation of the optical
axis.23 Designed arrangement of these domains—the approach we will
refer to as domain engineering—allows to adapt these processes to a
number of vastly different applications. Specifically, as we will show
later, domain engineering provides the means to directly control two-
photon entanglement, polarization, and spectral characteristics.

Targeted inversion of nonlinear domains, commonly referred to
as ‘poling’, is achieved, in certain crystals, by locally applying a strong
electric field. This can be accomplished via a number of different tech-
niques.24–27 Lithium niobate (LN)28 and potassium titanyl phosphate

(KTP)29 have been the most prominent host material for such techni-
ques, with inverted domains reported as low as< 1lm. Both materials
can be fashioned into waveguides, enhancing the nonlinear interaction
by several orders of magnitude.30,31 LN furthermore features strong
electro-optic interaction and is now readily available as thin-film lith-
ium niobate on-insulator, constituting a platform fully compatible
with integrated photonic components and techniques.

Artificial structuring of the nonlinearity can alternatively be
achieved during material growth using the so-called orientation patter-
ing, which has been used to demonstrate simple domain engineering
in the semiconductors gallium arsenide and gallium phosphide.32 The
associated fabrication techniques are significantly less matured than
those available for the manipulation of LN and KTP, but both materi-
als offer exceptionally strong nonlinear interaction and transparency
deep into the mid-infrared.

The analysis presented below will be limited to techniques relying
on one-dimensional structuring of the material nonlinearity, as designs
relying on higher-dimensional manipulation33–36 are not applicable to
waveguides, which will occupy a major area in the future of the field.
For similar reasons, we will consider solely collinear phase-matching
processes. We will further omit techniques based on the cascading of
multiple, distinct nonlinear elements, used to construct, e.g., nonlinear
interferometers,37 and techniques relying on integration with other
components, like, for instance, the resonators used to create quantum
optical microcombs38 or optical parametric oscillators.39,40

We note, that the three-wave-mixing processes discussed in the
following can further be influenced by dispersion-engineering41 and
pump-shaping techniques,42 which we will not analyze in detail, but
which are utilized in some of the schemes presented here.

DOMAIN ENGINEERING IN QUANTUM TECHNOLOGIES

Domain engineered nonlinear crystals, operated in different
regimes and incorporated into different ancillary systems, enable four
primary technologies:

(1) Single photon generation: Heralded photons generated by SPDC
constitute a highly flexible, bright, and easy-to-use single pho-
ton source whose probabilistic nature can be overcome using
multiplexing techniques.43

(2) Entangled photon generation: Using appropriate setups, SPDC bi-
photons are readily generated as maximally entangled states in
polarization, time-frequency, time, or spatial degrees-of-freedom.

(3) Squeezed state generation: Operated in the high-gain regime,
(spontaneous) parametric down-conversion generates squeezed
states with squeezing of up to � 15dB.

(4) Quantum frequency conversion: Sum- and difference-frequency
generation processes mediate THz-range single photon frequency
conversion without undesired changes to other state properties.

Leveraging these capabilities with the intrinsic promise of room-
temperature, no-noise optical implementation and the stability and
efficiency promised by integrated circuits, domain-engineered nonlin-
ear crystals present a highly attractive resource, and have found appli-
cation in milestone experiments across the full breadth of photonic
quantum technologies, as illustrated in Fig. 1.

In particular, experiments demonstrating quantum computa-
tional advantage, in both discrete44 and continuous variable45 regimes,
have relied on (a) periodically poled KTP crystals for state generation.
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In the field of quantum communication, periodically poled KTP was
used to distribute entanglement between satellite and ground sta-
tions,46 and periodically poled LN has been employed to demonstrate
multi-user quantum secure direct communication.47 Quantum sensing
based on squeezed states generated from periodically poled KTP was
used to enhance the sensitivity of LIGO,48 interconnect elements based
on periodically poled LN waveguides were used to entangle disparate
quantum memories49 and milestone experiments investigating funda-
mental physics utilized KTP for photon generation.50

Although already applied successfully across a broad range of
applications, the majority of cutting-edge experiments still feature
strictly periodically poled crystals, utilizing little of the available free-
dom in manipulating the material nonlinearity and designing the asso-
ciated nonlinear interactions.

In the following, we point toward the potential of designed, aper-
iodical structuring of the material nonlinearity, and show how it may
be employed to realize a number of very different objectives, applicable
to a broad range of applications.

THREE-WAVE-MIXING IN THE QUANTUM REGIME

The material response to incident electromagnetic radiation can
efficiently be described by a time-varying dipole moment, which, for
sufficiently high fields, includes non-linear driving terms, best

expressed by expansion of the polarization P into a power series of the
interacting electric fields E,51

PjðtÞ ¼ �0
X
k

vð1Þjk EkðtÞ
zfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflffl{linear optics

þ
X
kl

vð2Þjkl EkðtÞElðtÞ
zfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflffl{three-wave-mixing processes

2
64

þ
X
klm

vð3ÞjklmEkðtÞElðtÞEmðtÞ
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

four-wave-mixing processes

þ � � �

3
75: (1)

Here, the first term describes the harmonic interaction responsible for
diffraction, whereas the higher-order terms correspond to the materi-
al’s nonlinear response and act as sources of new components of the
electromagnetic field. The three-wave mixing processes discussed here
are mediated by the vð2Þ-nonlinearity, which features nonlinear inter-
action notably stronger than higher-order terms.

Three-wave-mixing features a number of different possible inter-
actions, but, within the scope of this paper, we are interested only in
the processes of SPDC, generating single photon pairs, and quantum
frequency conversion (QFC), in which a single-photon input is trans-
ferred to a new frequency-band. The corresponding Hamiltonians are
readily derived from (1) using Poynting’s theorem and appropriate
representation of the electric fields:52–55

FIG. 1. Domain engineered crystals in photonic quantum technologies, including (1) the demonstration of quantum computational advantage. Reproduced with permission from
Science 370, 1460 (2020). Copyright 2020 AAAS. (2) Satellite-to-ground quantum cryptography. Reproduced with permission from Yin et al., Nature 582, 501 (2020). Copyright
2020 Springer Nature. (3) Sensitivity enhancement of LIGO. Reproduced with permission from Aasi et al., Nature Photonics 7, 613 (2013). Copyright 2013 Springer Nature. (4)
Interconnection of disparate quantum memories. Reproduced with permission from T. van Leent et al. Nature 607, 69 (2022). Copyright 2022 Authors, licensed under a
Creative Commons Attribution (CC BY) License. (5) Significant-loophole-free test of Bell’s theorem. Reproduced with permission from M. Giustina et al. Phys. Rev. Lett. 115,
250401 (2015). Copyright 2015 Authors, licensed under a Creative Commons Attribution (CC BY) License. With the exception of (1) all of these experiments still feature strictly
periodic design and do not yet take advantage of the full freedom-of-design available to the domain engineering approach.
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ĤQFC=SPDCðtÞ ¼ C
ð ð

dxdy vð2Þfpðx; yÞf �s ðx; yÞf �i ðx; yÞ
ððð

dxpdxsdxi e
�iDxt

�
ð
dz snlðzÞeiDbðxp;xs;xiÞz

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Phase-matching functionU

aðxpÞ
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{Joint spectral amplitude

â†s ðxsÞâ†i ðxiÞ þ H:c:; (2)

wherein the single-photon signal and idler fields are quantized,
while the strong pump with spectral distribution aðxpÞ is treated
classically; all constants are incorporated into the factor C. The
representations of SPDC and QFC differ only in the form the sig-
nal photon is included, using creation â†k and annihilation âk
operators at frequencies xk, respectively. We note that the
Hamiltonian of SPDC formally corresponds to a two-mode
squeezing operator.

The term highlighted in blue describes the nonlinear overlap of
the interacting fields fkðx; yÞ. This represents a key parameter related
directly to the process efficiency and requires, in the case of waveguide
implementation, an appropriate selection of the respective discrete
waveguide spatial modes.

The remaining integrals describe the so-called ‘phase-matching’
of the interaction. The expression highlighted in green, after appropri-
ate time integration, enforces energy conservation between the pho-
tons, requiring the frequency mismatch Dx to be zero. This can be
satisfied by different combinations of the interacting pump, signal and
idler photons, leading to different interactions, distinguishing SPDC
and QFC processes [see Fig. 2(a)].

The term highlighted in yellow constitutes the conservation
of momentum, here represented by the mismatch Db of wave-
guide propagation constants. The different three-wave-mixing
processes occur optimally only if this mismatch is equal to zero.
This can generally only be satisfied for one process at a time,
which we will refer to in the following as the phase-matched pro-
cess. At what frequencies phase-matching is achieved, for which
photons, in terms of polarization or spatial modes, it occurs, and
how the conversion-probability is ‘shaped’ in frequency space,
can be controlled directly by structuring the material nonlinear-
ity. In fact, the shape of the so-called phase-matching function U,
which is, together with the so-called pump-envelope function
aðxpÞ, responsible for the spectral shape of the interacting pho-
tons, is given directly by the Fourier transform of the nonlinear-
ity, here expressed via its dependence on the propagation
direction snlðzÞ.

Specifically, a periodic inversion of the nonlinearity allows
to introduce an artificial wave-vector into the expression of the
momentum mismatch Db [see Fig. 2(b)], enabling phase-
matching of photons at nearly arbitrary frequencies, polariza-
tion, and spatial modes.22 Custom, non-periodic structuring of
the material can further be used to directly shape the spectral
properties of the generated/converted photons.42 This can be
illustrated by calculating the state generated from SPDC using
appropriate time evolution, assuming weak pumping, and per-
forming Taylor expansion to first order, to arrive at the two-
photon state:55,56

jWi ¼
ð ð

dxsdxi Uðxs;xiÞaðxs þ xiÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Joint spectral amplitude

â†s ðxsÞ â†i ðxiÞ j00i: (3)

From (3), it can be seen directly that the spectral properties of the
generated photon pair are determined solely by the phase-
matching function U and the pump envelope function aðxs þ xiÞ.
A conceptual depiction of how both functions shape the spectral
properties of the generated bi-photon, a feature to which we will in
the following referred to as the joint-spectral-amplitude (JSA), is
shown in Fig. 2(c).

The JSA can generally not be separated with respect to the indi-
vidual photons, indicating intrinsic spectral correlations. The internal
structure of these correlations can be revealed by performing Schmidt-
decomposition of the JSA and rewriting the state using broadband-
mode creation operators Â

†

k/B̂
†

k instead of the monochromatic ones
employed in (3),57

JSA ¼¼¼¼
Schmidt

decomposition X
k

kkukðxsÞvkðxiÞ (4)

jWi ¼
X
k

kk

ð
dxsukðxsÞâ†s|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

Â
†

k

ð
dxivkðxiÞâ†i|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

B̂
†
k

j00i: (5)

Now, the state in (5) reveals the SPDC bi-photon state as a superposi-
tion of broadband wavepackets, represented by the Schmidt functions
ukðxsÞ; vkðxiÞ. The amount of entanglement between the signal and
idler photons can be inferred directly from the Schmidt coefficients kk
and represents another engineerable quantity, which is desirable in
schemes like entanglement distribution, and unwanted in applications
based on heralding.

In the high gain regime, utilizing a strong pump, squeezer charac-
teristics begin to dominate over photon-pair characteristics in the
SPDC output state, resulting in the generation of squeezed states.58

Accordingly, the first order approximation used to arrive at (3) is no
longer accurate, and states corresponding to multiple pair generation
need to be included. Furthermore, time ordering effects, which were
previously neglected to allow for Taylor series expansion, become rele-
vant.55,56,59 Squeezed states themselves are best described using an
extended theoretical description.59–62

In the following, we will consider SPDC predominantly as a
method of generating single-photon pairs, a regime in which high-gain
effects can be neglected. QFC, however, is generally operated in the
high gain limit, as the power of the pump field directly relates to the
conversion efficiency. Nonetheless, the state after conversion can effec-
tively be described by (3) upon replacing the signal creation with an
annihilation operator and including the corresponding input photon
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FIG. 2. (a) Schematic depiction of quantum regime three-wave-mixing processes: Photons from a strong, classical pump field in a crystal with vð2Þ nonlinearity can spon-
taneously decay into single-photon pairs of lower energy, dubbed signal and idler (SPDC). If in addition to the pump field, a single signal-photon is incident, the nonlinear-
ity mediates conversion of the signal-photon and a photon from the pump to a photon at the sum or difference of the respective energies (SFG/DFG). (b) To occur
efficiently all processes are required to satisfy conservation of energy and momentum. Momentum conservation, e.g., in terms of waveguide propagation constants bk , is
readily achieved by locally inverting the material nonlinearity to form domains in which the sign of the interaction is reversed, introducing an artificial momentum compo-
nent in the crystal. For an illustrative, phase-mismatched SFG process (left), light generated by the material dipoles adds incoherently. By inverting the material nonlinear-
ity at appropriate intervals, phase-matching can be achieved artificially (middle). A comparison between a naturally phase-matched process (solid line), an process
phase-matched using periodic poling (dotted line), and a phase-mismatched process (dashed-dotted line), is depicted in the plot on the right. (c) Specific arrangement of
nonlinear domains in a (non)periodic fashion allows direct control of the phase-matching function of the process (left). The phase-matching function, together with the
pump envelope function, given by the spectral shape of the pump field, fully determines the spectral properties of the interacting signal and idler photons, described by
their joint spectral amplitude (right). The pump envelope function can be approximated by a Gaussian corresponding to its spectral bandwidth, and the phase-matching
function is given by the Fourier transform of the nonlinearity, corresponding to a sinc-function for a uniformly or strictly periodically poled crystal. To satisfy energy-
conservation, the pump-envelope-function is always orientated along the (anti)diagonal, whereas the angle of the phase-matching function is determined by the relative
magnitudes of the group-velocities of the interacting photos, and can be aligned along the diagonal or either of the axes under specific group-velocity-matching conditions.
The axes are labeled in terms of detuning from perfect phase-matching. (d) Schematic depictions of the different applications of domain engineering in quantum technolo-
gies, as discussed in this paper.
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in the initial state. QFC high-gain effects impact conversion efficiencies
and spectral structures and will result in moving from single-mode
conversion toward conversion into multiple distinct modes.55,63

APPLICATIONS OF NONLINEAR DOMAIN
ENGINEERING

The domain engineering approach was first developed theoreti-
cally well over fifty years ago,64,65 but, due to the difficulty of the associ-
ated fabrication, did not see widespread adoption until the late 1980s.
Since then, in parallel with steadily evolving fabrication capabilities, the
technique has moved from strictly periodic structures to involve aperi-
odic designs tailored toward their respective application. First developed
for classical frequency conversion,66–69 and used to generate optical fre-
quency combs to this date,70 this approach was soon adopted to develop
sophisticated designs suitable for applications in quantum technologies.
These designs can roughly be separated into three categories:

(1) Approaches manipulating bi-photon entanglement in the time-
frequency degree-of-freedom by directly shaping the phase-
matching function in Fourier-space.

(2) Approaches aiming to satisfy multiple phase-matching condi-
tions simultaneously via, for instance, multi-periodic structures
or chirped gratings.

(3) Approaches relying on specifically designed periodic gratings to gen-
erate photons in particular polarization, frequency, and spatial modes,
or to satisfy exotic conditions like backward-wave generation.

In the following, we will one-by-one address the applications to
which each of these approaches has been utilized to date. We will focus
first on domain engineering based on SPDC and move from applica-
tions based on well-developed approaches toward efforts with the tech-
nique still in its infancy.

PURE PHOTON GENERATION

A large number of photonic quantum technologies, among them
measurement-based quantum computing,75,76 boson-sampling,77,78 and
photonic quantum repeaters,79 are based on the quantum-mechanics of
two-photon interference. This interference occurs optimally only if the
involved photons exist in spectrally pure states.74 Sub-optimal interfer-
ence can be compensated only by increasing circuit complexity and the
number of required photon sources and detectors.80,81

As single-photon sources based on SPDC generally rely on herald-
ing and multiplexing techniques to overcome their probabilistic nature,
the spectral correlations of the down-converted photon pair impose an
upper limit on the purity of a heralded, single photon. This can be seen
directly from (5) by calculating the state after detection of the idler,
upon which the signal is projected into a statistical mixture of its broad-
band frequency modes. While signal/idler correlations can in principle
be addressed via spectral filtering, such techniques are directly associ-
ated with a decrease in heralding efficiency and source brightness.56,57

Furthermore, applications directly utilizing the generated bi-photon
states, for interference or as polarization-entangled qubits, prefer a sepa-
rable JSA to avoid contamination during interference.82 Accordingly,
spectral separability represents an often highly desirable quality and
should be incorporated into the source design of many applications.

Separability is achieved only if the pump-envelope function, given
by the spectral properties of the pump pulse, and the phase-matching
function are designed correctly. The latter, in particular, is required to

be a Gaussian,83 which can be achieved by careful manipulation of the
sign of the material nonlinearity.

This was first demonstrated in 201184 utilizing different order
periodic-poling, followed by alternative, improved approaches based on
variation of the poling duty-cycle85 and arbitrary arrangement of domains
of fixed width.86,87 For both of the latter approaches, high single-photon
purity inferred from heralded interference has been demonstrated experi-
mentally71–73 achieving up to> 98% purity without filtering.

There further exist a number of theoretical works, extending the
methods,88 presenting algorithms to optimize the poling designs,89,90 and
considering fabrication errors.82 A similar domain engineering approach
for pure photon generation was employed in a milestone experiment
demonstrating photonic quantum computational advantage.44

Figure 3 presents a schematic depiction of the different
approaches, together with a summary of the highest achieved single-
photon purities to date.

So far, all experiments demonstrating domain-engineered pure pho-
ton generation have utilized bulk KTP crystals. Adapting the different
techniques to other material platforms or waveguide implementation will
require reevaluation of the underlying phase-matching conditions. In par-
ticular group-velocity-matching conditions,57 a key requirement for the
separability of (4) is given directly by the material dispersion, which can
differ markedly between different platforms, and may limit the wave-
length availability of pure photons generated in this fashion.90–92

To end this section, we would like to shortly discuss the different
approaches of manipulating the phase-matching function, depicted in
Fig. 3(b), as well as the algorithmic approaches developed to design
them: The approaches based on varying poling order84 and duty-cycle
variation,85 while intuitive and well understood from applications in
classical nonlinear optics, rely on global optimization algorithms,
which can be cumbersome and not always optimal. The approach fea-
turing arbitrary domain orientation86 has been developed to operate
deterministically87 using domains of arbitrary size,88 and, as a result,
can be used to approximate the target function up to the physical limits
of the problem. As result, recent works almost exclusively rely on algo-
rithms akin to the one described in Ref. 88.

TIME-FREQUENCY MODE GENERATION

Information may be encoded into photons via any, or any combi-
nation, of their degrees of freedom. These include spatial modes, real-
ized either via distinct paths or transverse mode profiles encoded in
orbital angular momentum, polarization, or their structure in the
time-frequency domain. Encoding in the time-frequency degree-of-
freedom promises, in principle, an infinite-dimension Hilbert space as
well as compatibility with fiber-networks,93 both features currently
unavailable to polarization and spatial encoding schemes, respectively.

High-dimensionality is especially attractive for quantum commu-
nication technologies, where it may be used to increase packing density
via time-frequency modes (TFM) multiplexing, or to directly encode
information into superpositions of different TFM,94 enabling genuine
high-dimensional quantum communication to increase channel capac-
ity and security.95,96 Moreover, the set of single-qubit gates required
for linear optical quantum computing97,98 may be implemented in
time-frequency space using the so-called quantum-pulse-gates,99 and
graph-states with tailored entanglement structure for cluster-state
quantum computing may be generated via fusion of Bell pairs.94

TFMs can be encoded in temporally and spectrally distinct
time-100 or frequency-bins,101 frequency and time overlapping, but

Applied Physics Reviews REVIEW pubs.aip.org/aip/are

Appl. Phys. Rev. 12, 011318 (2025); doi: 10.1063/5.0223013 12, 011318-6

VC Author(s) 2025

 12 February 2025 15:07:34

pubs.aip.org/aip/are


field orthogonal pulse modes,102 or combinations of the same. Many
of these states can be generated directly at the source, by engineering
the spectral-temporal shape of either the pump field, or the phase-
matching function of the downconversion process. The latter can be
achieved by appropriate design of the material non-linearity, in anal-
ogy to the approach aiming to generate pure photons described above,
but with a modified target function. This represents a stable and con-
trolled alternative to classical methods of generating TFMs.103–106

The approach was first demonstrated by Graffitti et al.,107 gener-
ating Bell states encoded in a pulsed TFM by engineering the phase-
matching function to match a first-order Hermite-Gaussian. The
scheme was later extended to demonstrate hyperentanglement
between TFM and polarization/orbital-angular-momentum degrees-
of-freedom.108 Phase-matching functions domain-engineered to a
comb-like structure were further utilized to generate frequency-bin/
polarization hyperentanglement,109 and, using temperature control to
shift the generated photon spectra, hyperentanglement between
pulse-modes and frequency bins (both in the time-energy degree-of-
freedom) was achieved.110 Recently, TFM generation utilizing both
engineering of the phase-matching function and shaping of the pump
pulse has been demonstrated.111

There further exist works presenting theory and simulations, pro-
posing to extend the approach to the generation of bright-squeezed-vac-
uummulti-mode grid-type states,112,113 and the mid-infrared region.91

Experimental demonstrations employ both the domain-
engineering approach relying on arbitrary domain orientation and on
varying duty cycles [see Fig. 3(b)]. So far, only bulk KTP crystals
phase-matched under symmetric group-velocity-matching have been
utilized. We present exemplary TFMs together with examples of the
poling structures used to implement them in Fig. 4.

POLARIZATION-ENTANGLED PHOTON GENERATION

The distribution of entanglement between distant parties constitutes
a key component in efforts toward quantum cryptography systems4 and

large-scale quantum networks.114 To date, this has most readily been
achieved utilizing polarization-entangled photon pairs.46,115,116

Polarization-entangled photon sources are generally based on either
bidirectional pumping of a crystal phase-matched to a single downcon-
version process, or separate pumping of two such crystals.117–119

Both approaches require either bulk-optics interferrometers, complex
integrated components, or generate the desired states only
probabilistically.

The generation of wavelength non-degenerate polarization-
entangled photons can alternatively be achieved utilizing a crystal
simultaneously phase-matched to two different phase-matching condi-
tions, as illustrated in Fig. 5.

This was first proposed in 2009120,121 and later demonstrated, in
principle, for waveguides structured with interlaced sections of differ-
ent poling periods.122 The approach was since developed to involve
designs based on dual-periodic poling structures, for integrated wave-
guides123 and bulk crystals,124 achieving a source brightness of up to
1:22� 107pairsmW�1nm�1s�1 and interference visibility of 94%. To
date, all demonstrations utilized LN.

The photons generated by these schemes are fully suitable for
operations in which spectral indistinguishability of the photons is not
required. In particular, applications in which one photon is designated
for long-range transmission through optical fibers at telecommunica-
tion wavelengths, and the other is used for local, largely wavelength-
independent operations, or for storage in a memory, where the
wavelength is required to match, e.g., an atomic transition.

Extending this approach to wavelength-degenerate applications
requires an alternate method of separating the generated photons,
which may be achieved by phase-matching two counter-propagating
downconversion processes.125

BROADBAND PHOTON GENERATION

The spectral and temporal properties of photons generated by
SPDC are, due to time-frequency duality, inherently linked. For

FIG. 3. Pure photon generation. (a) Joint-spectral-amplitudes of down-converted signal and idler photons for a sinc-shaped phase-matching function, which is the result of an
un- or periodically poled crystal (top), and the ideal Gaussian phase-matching function (bottom). The side-lobes of the sinc-function result in spectral correlations, reducing
single-photon purity after heralding. The depicted joint-spectral-amplitudes are obtained for a Gaussian pump at symmetric group-velocity-matching conditions, which represent
additional conditions for separability. (b) Schematic illustration of the available approaches for generating Gaussian phase-matching functions. (c) Comparison between the
highest single-photon purities achieved to date, including Graffitti et al.,71 Chen et al.,72 and Pickston et al.73 The purity of the photons generated from the crystal in Ref. 73 is
almost 15% higher than that of an unfiltered, periodically poled crystal. The heralded single-photon purity is given directly by the visibility of the heralded (fourfold coincidence)
Hong-Ou-Mandel interference;74 other methods can lead to an overestimation of the purity. Both heralded interference of successive photons from the same source and pho-
tons from different sources are possible and can be up-scaled in temporal and spatial multiplexing architectures, respectively. It is possible to further increase the single-photon
purity by employing mild spectral filtering, affecting the heralding efficiency by as little as <1%.73
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optimal, transform-limited photons, whose time-bandwidth product is
at a minimum, the two-photon correlation time scales inversely with
their spectral bandwidth. This, in principle, allows to engineer ultra-
short (bi-)photons, coincident within a single optical cycle, by maxi-
mizing their spectral bandwidth.

Such ultra-short correlation times represent a key metric for
quantum optical coherence tomography,135 clock-synchronization
methods,136 or techniques like entangled-photon spectroscopy137 and
lithography,138 relying on two-photon absorption.139 Large spectral
bandwidths further represent a key parameter for squeezed states gen-
erated in the high-gain limit of SPDC.

While there exist different approaches for broadband photon
generation, generally relying on either constraining group-velocity-
matching conditions or bulk-crystals, the highest bandwidths have been
achieved using chirped structuring of the material nonlinearity, effec-
tively phase-matching a broad range of different frequencies, as depicted
in Fig. 6. This was first proposed to enhance the axial resolution of
quantum optical coherence tomography.140 Subsequently, the approach
was demonstrated in principle126,141 and application,128,134 achieving
resolution and dispersion tolerance superior to its classical counterpart.

While these demonstrations already yield superior resolution in
Hong-Ou-Mandel type interference experiments, they are still affected
by a frequency-dependent phase (chirp), resulting from the frequency-
dependent point of generation within the crystal. To address this, sub-
sequent compression of the photons’ correlation time by removing the

frequency chirp was proposed142,143 and demonstrated using disper-
sive optical elements130 and a non-linearly chirped crystal design,129 to
achieve, ideally, a transform-limited state.

There further exist theoretical models for the broadband genera-
tion of squeezed light144,145 and demonstrations of broadband genera-
tion using non-collinear emission133 and high-power pumping.127

Waveguide implementations of broadband generation utilizing
chirped crystals have recently been demonstrated as well.131,132

Deviations from a strictly linear chirp, like the one reported in
Ref. 129, have great potential for further optimization of the technique.
Hardware limitations, like broadband, high-efficiency detectors, and
material transparency and absorption, currently represent the main
obstacles of the technique.

BACKWARD-WAVE SPDC

A backward-wave SPDC process generates signal and idler photons
propagating in opposite directions. This can be realized using a strictly
periodic nonlinear grating with a period on the order of the pump wave-
length. While the fabrication of such gratings is still nontrivial, the corre-
sponding phase-matching conditions can alternatively only be fulfilled
utilizing huge birefringence and/or a non-copropagating pump.

The counter-propagating geometry gives rise to distinct charac-
teristics, uniquely suited for quantum applications. Most notably, the
backward-propagating photon possesses a drastically narrowed spec-
tral bandwidth and a markedly increased temporal length. This is

FIG. 4. Time-frequency mode generation. (a) Schematic depiction of different TFMs. At symmetric group-velocity-matching, the spectral shape of the signal and idler photons is
given by the product of the phase-matching function (orientated along the diagonal) and the pump envelope function (orientated along the anti-diagonal), as indicated by the
solid and dashed curves, respectively. Comb- and grid-like states can be generated from a multi-peaked phase-matching function. Hermite-Gaussian-type TFMs require a
phase-matching function shaped like the corresponding Hermite-Gaussian. If the phase information is considered, these modes are field overlapping, but orthogonal.
Exemplary designs of poling periods, corresponding to a multi-peaked (b) and 2nd order Hermite-Gaussian (c) phase-matching function. Reproduced with permission from Zhu
et al., J. Opt. Soc. Am. B 40, A9 (2023). Copyright 2023 Optical Society of America.91 Here, the approach with arbitrary domain orientation [see Fig. 3(b)] was employed.
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because the time the photon exits the crystal can no longer be inferred
from the pump pulse, to within the limit of group-velocity-dispersion, due
to the uncertainty about where in the crystal the downconversion process
took place. Narrow photon bandwidths are essential for interfacing with
solid-state memories,146,147 which represent essential components for
quantum repeaters5,148 and linear optics based quantum computation,97,98

and whose linewidths are significantly narrower than those available from
conventional SPDC sources, ranging from a few GHz far into the MHz
range.149–151 Similarly narrowband SPDC photons are otherwise only
achieved using complex cavity-based approaches.152,153

Moreover, the wavelength of the counter-propagating photon is
almost invariant to the wavelength of the pump, resulting in a phase-
matching function that mimics the condition of asymmetric
group-velocity-matching,57 but without the dependence on material
dispersion or waveguide dispersion engineering. This can be utilized to
generate highly pure photons in analogy to the corresponding
approach using co-propagating photons.57 An illustration of these
unusual properties is depicted in Fig. 7.

Although backward-wave generation was first proposed more
than 50 years ago,154 it was not realized experimentally until 2007 in a
mirrorless parametric oscillator,155 operating in the stimulated regime
above the SPDC threshold, due to the difficulty associated with fabri-
cating the required ultra-short poling periods. Since then, there
have been several theoretical works establishing the underlying
quantum-theory of the technique156–158 and its applicability for
pure-photon159,160 and narrow-band161 generation. Experimental dem-
onstrations of backward-wave SPDC have been reported as a proof-of-
principle for 5th-order phase-matching162,163 and to generate pure164

and narrowband,165 polarization-entangled photons, using 3rd-order
phase-matching. First-order backward-wave SPDC was reported only
recently, using sub-micron poling periods in bulk KTP.166

Despite its interesting properties, the applicability of backward-
wave SPDC is still limited due to the difficulty associated with fabricat-
ing the required ultra-short poling periods. However, the progress in
the fabrication of sub-micrometer gratings has been steady and ongo-
ing, and once established, we expect this technique to find much
broader application.

SQUEEZED STATE GENERATION

Squeezed states constitute the fundamental quantum resource for
continuous-variable based optical quantum computing176,177 and rep-
resent essential components in quantum sensing, where they are used

FIG. 5. Polarization-entangled photon generation. (a) Schematic depiction of two
TMpump ! TMsignalþTEidler downconversion processes suitable for the generation
of polarization-entangled photons (TM=TE describe orthogonal polarization modes).
Pumping the corresponding crystal at kp will result in generation of one of the two
photon pairs TMk1 ; TEk2 or TEk1 ; TMk2 ; equivalent to the Wþ=� Bell-state. (b)
Poling structures capable of phase-matching a crystal to two processes simulta-
neously, utilizing an interlaced design (top) and a dual-periodic design (bottom). The
interlaced design directly enables the downconversion processes phase-matched
by the poling-periods K1;2. The spacings d are to be chosen so that the distance
between sections of the same period is a multiple of this period. The dual-periodic
design enables processes phase-matched by the reciprocal vector
Gmn ¼ 2pm

~K1
þ 2pn

~K2
, wherein m, n represent the (possibly negative) phase-matching

order.

FIG. 6. Broadband photon generation. (a) Schematic depiction of a chirped poling
structure. Each poling period phase-matches a different wavelength, resulting in broad-
band photon generation. For the linearly chirped structure depicted here, longer wave-
lengths are generated earlier in the crystal, acquiring an additional phase with respect
to shorter wavelengths, resulting in chirped (bi-)photons. While such photons show nar-
row Hong-Ou-Mandel interference (HOMI) dips, the chirp needs to be removed to com-
press the photons’ wavepacket to, ideally, the transform limit. (b) Comparison of the
different broadband photons generated in chirped crystals to date, including Nasr
et al.,126 Szoke et al.,127 Okano et al.,128 Chekova et al.,129 Sensarm et al.,130 Cao
et al.,131,132 Tanaka et al.,133 and Mohan et al.134 Experiments without compression of
the generated photons (blue) determine the temporal correlations using HOMI, which
does reflect the true width of the wavepacket, which remains broad. Source bright-
nesses reach up to 1:2� 106pairslW�1s�1.131 The non-linearly chirped crystal in
Ref. 129 does not produce an approximate flattop spectrum, with the reported band-
width corresponding to a base-to-base measurement, all other bandwidths are taken at
full-width-half-maximum. Unless specified otherwise, all experiments were performed
using bulk crystals structured with a linear chirp.

Applied Physics Reviews REVIEW pubs.aip.org/aip/are

Appl. Phys. Rev. 12, 011318 (2025); doi: 10.1063/5.0223013 12, 011318-9

VC Author(s) 2025

 12 February 2025 15:07:34

pubs.aip.org/aip/are


to reduce noise limiting the sensitivity and resolution of advanced
interferometers178 and microscopes.179

Squeezed states can be generated in high-gain (spontaneous)
parametric downconversion, operated above the threshold of single
photon-pair generation, forming so-called optical parametric ampli-
fiers (OPAs).58 This approach, featuring strictly periodically poled
KTP and LN crystals, has come to represent the go-to method of gen-
erating squeezed states across the full range of applications.

As these applications frequently utilize squeezed states with nota-
bly different characteristics, often generated in resonantly confined
OPAs [forming so-called optical parametric oscillators (OPOs)], which
have, at a fundamental level, remained unchanged over the last decade,
a complete review is not within the scope of this paper. Nonetheless,
due to the prominent role of squeezed states in photonic quantum
technologies and the potential of adapting the until now strictly peri-
odically structured crystals to more complex domain engineering tech-
niques, we present an overview of key experiments demonstrating or
featuring squeezed state generation.

The to-date strongest squeezing in optical systems was demon-
strated using an OPO, achieving squeezing levels of �15dB.169 While
OPOs represent the most common source of squeezed
states,168,169,171,175,180–183 squeezing can alternatively be generated
using single-pass OPAs, generally relying on waveguide implementa-
tion or pulsed pumping to compensate for the lack of resonant
enhancement.170,172–174 OPAs can further be employed to enable
broadband, all-optical measurement of squeezed states.184–186 We
present a non-exhaustive overview of experiments generating state-of-
the-art squeezed states in waveguides and bulk-crystals together with
milestone experiments demonstrating their application in Fig. 8.

Although, so far, the crystals used for squeezed state generation
have been structured in a strictly periodic fashion, we see considerable
potential for the inclusion of aperiodic designs. Recent years have seen
significant research effort committed toward the development of OPA

based squeezers with the aim of generating broadband squeezed light.
Large-bandwidth, few-cycle squeezed states are essential resources for
high clock-rate signal processing in optical quantum computers,187

and enable the definition of few-cycle temporal bins compatible with
short, chip-scale delay lines for time-multiplexed continuous variable
quantum information processing.174,180 Adapting OPAs to include
chirped crystals, structured akin those used for the generation of
broadband biphotons, could greatly improve the availability and qual-
ity of such few-cycle squeezed states.144,145

Aperiodically structured crystals may additionally be employed to
directly tailor the spectrum of the generated squeezed states, which
may be used to generate frequency-bin cluster states112,113 for
frequency-domain quantum information processing. Few- or single-
cycle squeezed states and broadband OPAs may further be used for
fundamental investigations188 and the all-optical measurement of
squeezed light.185

QUANTUM FREQUENCY CONVERSION

Relying on a signal photon to be incident along with the pump,
sum- and difference-frequency-generation are unsuitable for the gen-
eration of new quantum states. Both processes, however, directly offer
themselves for transduction of the quantum state carried by the inci-
dent signal photon from one frequency mode to another. This so-
called quantum frequency conversion represents an essential capability
for the efficient interfacing of the different components constituting a
quantum network. Different sources of optical quantum states,
whether based on nonlinear interaction or single emitters, for instance,
often operate in wavelength bands very different, both in terms of the
central frequency and bandwidth, from those of detectors, memories,
or repeaters. Furthermore, long-range, low-loss transmission via

FIG. 8. Squeezed state generation. A selection of experiments demonstrating the
generation (blue) and application (green) of squeezed states in recent history; fea-
turing Aasi et al.,48 Mehmet et al.,167 Yoshikawa et al.,168 Vahlbruch et al.,169

Lenzini et al.,170 Larsen et al.,171 Kashiwazaki et al.,172,173 Nehra et al.,174 and
Konno et al.175 Implementation in waveguides and bulk-crystals are marked with
crosses and circles, respectively. We highlight the method of generation for each
experiment, differentiating between the use of optical parametric amplifiers (OPAs)
and optical parametric oscillators (OPOs) operated with continuous-wave (cw) or
pulsed lasers, as well as the employed crystals. Where applicable, we further list
the bandwidths of broadband squeezed vacuum, detected using all-optical mea-
surement OPAs. We note the recent focus on integrated implementation and the
discrepancy between state-of-the-art sources of squeezed states and those cur-
rently employed in milestone experiments.

FIG. 7. Backward-wave SPDC. (a) Sketch of the ultra-short period periodic-poling
pattern required for a backward-wave SPDC process, together with the correspond-
ing phase-matching condition: The signal photon is co- and the idler counter-
propagating with the pump, leading to a phase-mismatch on the order of the pump
wavelength, which has to be compensated using domain engineering. (b)
Schematic representation of the JSA of a backward-wave SPDC process, resulting
in a highly separable state similar to that achieved using asymmetric group-velocity
matching in the co-propagating case (left). Schematic comparison of the bandwidths
of the generated idler and signal photons, showing much-reduced bandwidth and
spectral distribution following that of the pump, respectively (right).
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optical fiber networks requires operation at telecommunication wave-
lengths, and transmission in free-space calls for careful selection of
wavelengths to account for atmospheric absorption and noise.

QFC based on sum- and difference frequency generation189,190

can, in principle, be noise-free and without uncontrolled changes to
state properties other than the frequency while preserving the number
statistics of the converted photon. Over the last decades, QFC has been
subject of steady research and was implemented for a wide range of
different transitions, an overview of which is depicted in Fig. 9(a).
QFC was demonstrated for coherent and squeezed states191–195 as well
as single photons196–206 while preserving entanglement in polariza-
tion,207–210 time-energy,211–214 and orbital-angular-momentum215,216

degrees-of-freedom. Furthermore, a number of studies investigating
the noise,217–221 introduced by spontaneous Raman scattering and par-
asitic SPDC/SFG/DFG processes, have been presented.

QFC has been demonstrated in a number of explicit applications,
a short overview of which is presented below:

Quantum interfaces

The distribution of entanglement between distant nodes is an
essential requirement for quantum networks, to be used in long-range
quantum communication or distributed quantum computing.
Implementations relying on the distribution of photons carrying
entanglement with a local element are highly promising but generally
rely on transduction into frequency bands suitable for efficient, low-
loss transmission through optical fibers. To this end, QFC was used to
establish entanglement between telecommunication-band photons
and single-atoms,222 atomic-ensembles,223,224 diamond spin-qubits,225

and trapped-ions,226–228 respectively. Moreover, entanglement between
distant atoms,49 atomic ensembles,229,230 and solid state-defects231 as

well as quantum state transfer between an atomic ensemble and a rare-
earth-ion-doped crystal232 was demonstrated.

QFC has further been used to facilitate compatibility between
single-photon sources operating outside the telecommunication band,
like e.g., quantum dots,233–241 and existing fiber-communication
technology.

Single-photon detectors

While infrared photons offer optimal, long-range transmission,
single-photon detection in the infrared band requires either noisy, inef-
ficient InGaAs avalanche photon diodes or expensive superconducting
single-photon detectors, relying on cryogenic cooling. To address this
issue, QFC can be used to convert infrared photons into the (near) visi-
ble band, where cheap and efficient silicon avalanche photon diodes
are available for detection.242 This has been demonstrated to construct
telecom-range single-photon detectors196,198,221,243–253 and to establish
quantum key distributions over long distances in fiber254–256 and free-
space.257

QFC can further be used to enable mid-infrared imaging with
single-photon resolution,258–260 as well as spectroscopy261,262 and lidar263

applications.

Other applications

Color erasure

Indistinguishability is a key requirement for quantum interfer-
ence, and as a result, photons located in distinct frequency bands do
not interfere with one another. However, using QFC, frequency distin-
guishability can be erased while maintaining its Fourier-transform lim-
ited characteristics.206 Moreover, QFC can be used to realize a
frequency-domain beam splitter, which has been used to demonstrate

FIG. 9. Quantum frequency conversion. (a) A collection of the different QFC demonstrations to date. Fiber telecommunication O- and C-bands and the typical range of a
visible-range silicon avalanche photon diode are highlighted. The transitions of 87Rb atoms, 40Csþ ions, and the NV center are indicated. Markers with red outlines correspond
to quantum interface demonstrations, markers outlined in yellow to demonstrations of single-photon detectors. (b) Schematic of the periodic poling structure generally used to
implement QFC. (c) Schematic illustration of the noise processes affecting QFC, including spontaneous Raman scattering (SRS) and parasitic (cascaded) three- and four-
wave-mixing processes for an illustrative SFG process [including second harmonic generation (SHG), spontaneous four-wave-mixing (SFWM), and cascaded SPDC and SHG].
To reduce noise-pollution, the pump is generally located outside the signal and the converted photon. Noise photons generated by the strong pump can pollute the process
either directly at the wavelength of the generated idler photon, or by being converted along with the signal. Noise photons are to be removed for optimal quantum state transfer
via process design or filtering.
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Hong-Ou-Mandel interference between photons of different wave-
lengths210,264 and a frequency-domain Mach–Zehnder interferome-
ter.265 Detectors incorporating QFC have been used to retroactively
recover interference from conventional interferometry utilizing differ-
ent frequencies266 and to augment conventional Hong-Ou-Mandel
interference.267 Erasing the color-information of photons greatly
relaxes the wavelength compatibility demands of quantum networks.

Bell-state measurement

Bell-state measurements represent a key component for quantum
information protocols based on entanglement swapping and quantum
teleportation. However, using linear optics, only partial Bell-state mea-
surements, resolving two of the four states, is possible.268 Based on the
selective, narrowband interaction between two incident photons in a
three-wave-mixing process, SFG can be used to overcome this limita-
tion. Measurement and distinguishing of the four Bell-states was first
demonstrated in the polarization degree-of-freedom, to realize quan-
tum state teleportation.269 The approach was then adapted for entan-
glement swapping,270 where it acts as a nonlinear filter to remove the
multi-pair component complicating approaches based on linear optics.
Recently, sum-frequency-based Bell-state detection has been employed
to demonstrate multi-user entanglement swapping271 and a quantum
secure direct communication network.47

Time-frequency mode control

Time-frequency modes form a complete framework for pho-
tonic quantum information science.94 This is based on the fact that
any single-photon TFM mode can be expressed in a basis of mutu-
ally orthogonal modes, which can be addressed selectively using a
SFG process (or, in principle, a DFG process), if the pump-field is
shaped to match the TFM.272 This was found to occur optimally in
a specific group-velocity matching configuration, to form a so-
called quantum pulse gate.99 The concept has since been developed
to allow for the shaping of TFM273 achieving near unit mode selec-
tivity274,275 and was demonstrated using coherent-states276–281 as
well as genuine single-photon quantum states.93 Quantum pulse
gates have further been implemented as single-photon subtrac-
tors,282 to measure unknown superpositions,93 and recently, to
realize a multi-output quantum pulse gate, based on an aperiodic
nonlinearity profile.283

Ultrafast correlator

The SFG (DFG) process can be used as an ultrafast correlator
between either two incident photons or a single photon and a pump
pulse. This allows to resolve ultrafast temporal dynamics, and can be
employed, for instance, to directly observe the two-photon wavefunc-
tion. This has been used to characterize broadband entangled
photons130,284 and to measure the wavefunction of shaped photon-
pairs.103,285

QFC already represents a well-established technology in both
waveguides and bulk crystals, and has found application in wide
range of technologies. Its efficiency is limited predominantly by
fabrication imperfections and limits on the pump power. Device
performance can suffer from noise-pollution as a consequence of
secondary effects resulting from a strong pump, as illustrated in

Fig. 9(c), but can be reduced to very low levels by appropriate pro-
cess design and filtering. Performance both in terms of efficiency
and low-noise operation has been steadily increasing. To date,
QFC almost exclusively relies on the periodically poled crystals
indicated in Fig. 9(b), but we see definite potential for the incorpo-
ration of more advanced domain engineering techniques.
Adiabatic techniques,286 for instance, can be applied to increase
the acceptance bandwidth of the conversion, and multi-period gra-
tings could be utilized to realize devices operating at multiple
input/output bands simultaneously.

FURTHER APPLICATIONS

At last, we would like to note applications relying on SPDC or
single-photon sum- or difference-frequency generation developed over
the last two decades that did not fit any of the categories above. We
note that this list may very well not be exhaustive.

(1) Combining frequency-chirped photons and pump pulses allows
control over the converted photon’s waveform in time-
frequency space,287,288 which has been used to generate narrow-
band photons289 and resolve narrow time-bin encodings.290

(2) Recently, adaptive, aperiodic poling was utilized to eliminate
the impact of nano-scale inhomogeneities in nanophotonic LN
waveguides, which limit the nonlinear efficiency.291 This was
demonstrated to drastically increase the efficiency of second-
harmonic-generation to an order of magnitude above that of
periodically poled crystals, but is equally applicable for quantum
three-wave-mixing processes.

SUMMARY AND OUTLOOK

Over the last decades, the field of quantum technologies has
increasingly shifted from the development of fundamental concepts
and proof-of-principle experiments to attempts of real-world imple-
mentation, which has come to demand increasingly complex resour-
ces. Photonic quantum technologies constitute a promising platform
in a multitude of different applications and currently represent the
only option for realizing distributed networks. Satisfying the often very
different demands of these applications will require high amounts of
platform flexibility and compatibility.

Here, we reviewed an engineering approach promising such flexi-
bility, based on manipulating the photon generation process originat-
ing from the nonlinear interaction with the surrounding crystal. Over
the last decades, this approach has been developed to realize a number
of vastly different goals. Most notably, arbitrary shaping of bi-photon
spectra allowed direct control of their entanglement properties, multi-
process phase-matching functions enabled control of the bi-photons’
spectral and polarization characteristics, and single photon frequency
conversion processes were used to interface different quantum
systems.

While crystals structured with simple periodic patterns already
represent integral components in many cutting-edge experiments,
more sophisticated designs, like the ones described here, have seen
only limited application. In the coming years, we envision progressive
integration of techniques featuring aperiodic structures, fully exploiting
the potential offered by the domain engineering approach, into large,
front-line experiments.

Although not discussed in this review, the development of the
domain engineering approach has been paralleled by the ongoing
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effort of developing integrated photonic platforms across a number of
different materials. Realizing photon sources or interconnects in an
integrated manner using nonlinear waveguides offers orders-of-magni-
tude increased nonlinear efficiency and unrivaled stability and scalabil-
ity, with respect to implementation in bulk optics.

The production of high-quality waveguide structures and the
development of poling techniques applicable to thin-film wafers con-
tinue to represent large, ongoing areas of research and development,
and the uniformity of the waveguides’ geometry as well as the quality
of the inverted domains have seen significant improvement in recent
years. The minimum available inverted domain size, too, has seen
major improvement, enabling more compact designs and more
freedom in the design-process. We envision a continuous shift from
bulk-optic to integrated-optic implementation, driven by the demands
associated with demonstrating optical quantum technologies in real-
world environments.

The techniques used to structure the material nonlinearity, dur-
ing or after crystal growth, are currently available only in a limited
number of materials, and several of the applications discussed in this
review further rely on particular, material-specific dispersion proper-
ties. Both of these factors can significantly limit the applicability of the
respective techniques. Bypassing these limitations by engineering or
adapting for material dispersion, developing poling techniques in new
materials, or combining material-platforms in a hybrid fashion, would
represent major breakthroughs.

We see considerable potential in incorporating nonlinear domain
engineering techniques with photonic circuits. Including resonant con-
finement to modify the nonlinear interaction or cascading multiple
nonlinear elements to form nonlinear interferometers, for instance,
hold particular promise. We further anticipate applications featuring
combinations of the different techniques, or the adaption of classical
domain engineering schemes relying on, e.g., cascaded processes or
adiabatic conversion, to realize more capable, compact, and robust
devices.

Of course, the most interesting future development is likely to
stem from adapting the technique for wholly new purposes, and we
would like to encourage researchers to further explore this approach,
which we believe to still be far from reaching its potential.
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