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Abstract: Correlation spectroscopy is a powerful analytical tool for gaseous species detection,
with improved sensitivity and enhanced selectivity. The application in the field of this spectro-
scopic technique, for remote sensing purposes, has long been prevented due to the necessity to
equip the instrument with a reference ‘cell’ containing an actual sample of the target molecules
to perform correlation measurements. A new photonic chip, based on LNOI (lithium niobate on
insulator) substrates, has been developed and tested by applying MEOS (micro electro optical
system) micromachining techniques. The novel photonic chip allows to dynamically generate
synthetic spectra of in principle any chemical species detectable in the transparency range of
LNOI (350 nm – 5500 nm wavelength). The synthetic spectrum is generated by producing a
well-defined holographic phase map in the active layer of the LNOI substrate, by applying through
an array of driving electrodes a calculated voltage distribution, thus rendering the photonic chip
fully programmable even in real-time. The developed photonic chip is therefore able to replace
the classical sample cell and can be also used to act as a reference signal modulator, as requested
in a correlation spectrometer. In this work, a description of the developed technology is reported
together with some preliminary results obtained in different experimental conditions.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Correlation spectroscopy (CS) is a consolidate spectroscopic technique for gaseous species
detection, providing high sensitivity and good selectivity [1,2]. The basic principles and theory
of such technique are already reported in literature [3] and will not be treated in detail in this
work, nevertheless, it has to be recalled that the fundamental elements allowing to implement CS
measurements are to identify in, a), the presence of a reference, representative of the species to
be detected and, b), a signal modulator device, frequency locked to a lock-in amplifier, allowing
to properly filter and amplify the sampling signal. Here a) provides selectivity whereas b) allows
to extract even very faint signals from background noise, thus ensuring high sensitivity. Also, the
spectral resolution required to identify target molecules is in general relaxed with respect to the
same figure as requested by conventional differential optical absorption spectroscopy (DOAS)
techniques [2].

First developments of CS implied the introduction of a reference cell, physically containing a
well-determined amount of the target molecule, furthermore the modulation of the reference signal
was initially obtained by varying the pressure of the sample contained in the reference cell with
the aid of gas pumps and properly configured hydraulic valve systems [1,2]. This approach leads
to both massive and hindering apparatuses, poorly adapted to in situ applications. Furthermore,
the requirement of an actual amount of the target species, physically present in the reference cell,
poses non negligible limitations when e.g., hazardous, explosive, illegal etc. substances are to be
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searched and consequently handled [4]. To circumvent all above reported problematics, different
solutions have been proposed and implemented based on either ruled or holographic spectral
masks, mechanically moved for reference signal modulation – e.g., either vibrating or moving
on a rotation wheel - thus reducing the overall reference / reference signal modulator chain
system, consequently leading to CS assemblies more adapted for on field measurement campaigns.
However, such apparatuses are poorly flexible, as the static information contained in the spectral
masks limits the number of molecules selectable as target species [5]. A step forward towards
further miniaturization of CS systems was obtained by the introduction of MEMS (micro electro
optical systems) based light modulators, allowing to implement either passive or active spectral
holographic filers. In fact, following general holography principles, the spectral content of an
optical beam can be recreated from the stored phase profile of a polychromatic light beam. This
can be obtained, for example, by the precise surface engineering of the substrate surface, creating
a suitable topology to spatially store the requested phase distribution [6,7]. A more flexible way
of producing the phase profiles for spectral holography is to build a programmable diffraction
grating where the individual beams of the grating can be controlled [7]. This functionality
has been implemented and investigated with the introduction of optical light valves, based on
mechanically adjustable micro-reflective elements (ribbons, mirrors, etc.) [8–13]. Such devices,
though technologically mature and available as off-the-shelf components, present some important
physical limitations, intrinsic to their electro-mechanical driving principles, and, particularly, in
the switching frequencies that difficultly trespass the kHz capability.

Since about a couple of decades an alternative approach, based on electro-optical substrates,
has been proposed [14,15], nevertheless, only recently these alternative solutions have been
embodied in actual chips, due to the complexity of the overall architecture requested, when bulk
materials are applied for their implementation [16]. In fact, to obtain efficient programmable
diffractive structures on bulky electro-optical substrates a whole series of side effects shall be
prevented, mainly induced by the relatively high voltages to drive the diffractive elements within
a full wavelength phase shift. In fact, the drive voltages can span, as a function of the selected
electrooptic material, from tens to hundreds of Volts, consequently, it is important to control the
cross-talking phenomena arising from the driving structures aspect ratios, that are limited by
the substrate bulky dimensions [17]. The introduction of planar technology processes on hybrid
stratified substrates, LNOI, based on layers of different materials having a thickness of some tens
of µm, allows to generate, applying a low driving voltage to the active layer, the electric fields
required to control the refractive index via the Pockels’ effect. The use of planar architecture
remarkably changes the panorama as it allows to design a new family of integrated electro optic
devices. In particular, using this kind of substrates, we have developed a novel miniaturized and
fully programmable holographic grating, previously suggested in one of our seminal works [14],
based on the embodiment of the Michelson’s “echelle” grating [18] in a programmable planar
technology device, opening the way to a new generation of compact and portable hyperspectral
CS instruments. A description of the photonic programmable phase diffraction grating is reported
in detail in the following.

2. Materials and methods

2.1. Programmable grating preparation

The photonic programmable chips were fabricated starting from LNOI substrates procured from
Nanoln, Jinan Jingzheng Electronics Co., Ltd., In particular, 10 µm thick single crystal Z-cut
lithium niobate (LN) films, bonded on Si substrates were processed by means of conventional
planar technology. To define the phase diffraction grating structure, periodic refractive index
contrast arrays were produced in the LN active material layer by exploiting the strain induced by
means of a high tensile metal film. To obtain the strain induced refractive index periodic variation,
a bimetallic film was deposited on the LNOI substrates, consisting of a 100 nm Cr layer, acting as
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both adhesion and strain inducing layer, with on top a 200 nm Au layer, acting as both protecting
and driving electrode layer. Both films were deposited in succession by metal evaporation within
the same apparatus, i.e. without breaking the vacuum chain in between the two depositions
steps, thus improving adhesion between the Au and the Cr layers. By applying conventional
photolithographic techniques, Au and Cr films were patterned in periodic arrays, consisting of
parallel rectangular stripes 10 to 20 mm long and 20 to 50 µm large. Arrays constituted by either
50 or 100 stripes, with 80 µm pitch were obtained by Au and Cr wet etching. The selection of
these dimensions is motivated by design reasons, as reported in the following Section 3. The
schematics of the geometry of the programmable phase diffraction grating (PPDG) is reported in
Fig. 1(b)).

       

a) b)

Fig. 1. a) LNOI substrate with two programmable phase diffraction gratings characterized by
bimetallic strain-inducing stripes, compared with a coin (21,25 mm diameter). b) Schematic
of a holographic grating chip. The output far field pattern at the diffraction angle θ has the
shape and the spectral content that depend on the phase shifts induced by the waveguide
array. Critical design parameters are the device length, L, and thickness, d, the number M of
constituting channels(waveguides), and the channels pitch, p (See Sect. 3 for details).

 a)

 b)

Fig. 2. Optical near field image of the cross-section output port at different magnifications,
a) and b), showing the waveguiding effect induced by strain effect on the substrate. Scale
bars are 4.8 µm and 1.1 µm for Fig. a) and b), respectively.

Finally, the substrates were dice cut to obtain single chips which were front end optically
polished (see Fig. 2).

In particular, the chips were front-end optical polishing step by step verifying the quality of the
diffraction figure obtained. Considering the integrated optical nature of the device, the criteria
adopted to identify the end point of the polishing process concerned directly the output diffraction
pattern, with particular attention to its symmetry around the central line (Figs. 3 and 4) and the
insensibility of the pattern spatial distribution with respect to the light injection point [18,19].
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a) b)

Fig. 3. a) Output diffraction pattern as obtained at the end of the optical polishing with
532 nm laser, b) transverse intensity profile at the diffraction pattern peak.

   

a) b)

Fig. 4. a) Output diffraction pattern as obtained at the end of the optical polishing with a
white coherent broadband source, b) 2D intensity profile of the diffraction pattern at optical
preparation process accomplishment.

2.2. Programmable phase diffraction grating electrical I/F

Considering the strain induced nature of the produced PPDGs, to avoid introducing further
straining elements lacking the control obtainable by planar technology, it was decided to develop
a flip chip technique to directly contact the metallic stripes acting as driving electrodes in their
Au layer.

Electric contact chips were fabricated based on fused silica glass substrates. A 30 nm Cr
film was used as adhesion layer for a 300 nm thick Au film. By conventional photolithography
followed by wet etch, the contacting structures were defined on the silica wafer. A 500 nm thick
SiOx film was eventually sputtered on the substrates to insulate the metallic structures from
electric contact with the PPDG driving electrodes whereas, by successive photolithographic
wet etch of the upper SiOx layer, the extremity pads of the flip chip were opened and exposed.
Electrogalvanic growth of copper allowed to obtain 5-micron thick contacting pads at the flip
chip extremities.

Flip chips were then dice cut and properly cleaned to remove all particles resulting from
cutting processes. The use of fused silica glass substrates allowed to properly align the driving
electrodes of the PPDG with the ladder contacts of the ladder-like arrayed contact pads of the flip
chips and then pressed in hard contact to promote electrical continuity between Cu pads and
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corresponding Au driving electrodes on PPDG. A drop of low viscosity double component epoxy
resin (Epotek 301 2-FL) was poured with a micropipette at one flip chip side and eventually
let it fill by capillarity the overall gap in between the PPDG and the flip chip. Once filled, the
sandwich constituted by the PPDG, the epoxy resin and the flip chip were kept at 50°C for 12 h in
order to promote epoxy resin polymerization and shrinkage.

It must be stressed that in this process, the shrinking of the resin due to polymerization
enhances the hard contact between Cu pads and Au driving electrodes, whereas the filling of the
gap with polymerized resin promotes electrical insulation between adjacent Au driving stripes on
PHG.

After flip chip and PPDG integration, the hybrid chip (HC) was mounted on a dedicated PCB
and wire bonded to the PCB electrical tracks for direct mounting through conventional connectors
on the driving electronic board.

The electronic board has been developed starting from standard commercial components and
is provided with a fast and low consumption microprocessor directly interfaced to a laptop via
USB interface for its programming. The micro-processing unit drives a series of DACs modules
allowing to feed up synchronously ninety-six 12 bits channels, interfaced through the PPDG PCB
directly to the HC driving electrodes via the flip-chip interface, with driving voltages in the range
-10 V ÷ +10 V, both dynamically and statically.

All voltage patterns, integration time, lock-in frequency, pattern sequence etc. are set by a
log-in file fed to the micro-processing unit via conventional USB3 laptop I/F.

3. Comparison between synthetic and actual spectra

The PCB platform bearing the photonic components was connected via flats to the driving board.
The HC was fed through a “white” light source, arising from a broadband NIR source (SuperK
Compact Supercontinuum Laser from NTK Photonics) directly injected at the HC input side,
whereas at the output, the programmed synthetic diffraction pattern was sampled at different
angles by an optical fiber, coupled to a conventional NIR spectrometer (OSM2 NIR optical
spectrometer from Newport), operating in the 900 nm – 1700 nm spectral window with 1.5 nm
spectral sensibility.

Different target synthetic spectra were programmed, and the results obtained through direct
spectroscopic measurement were compared to the expected ones, in different operating conditions
(voltage pattern distribution, number of activated diffraction elements, spectral segment, etc.).

As for the detailed calculation of the voltage patterns to be applied to generate the synthetic
spectrum of a selected target, the reader is addressed to Refs. [16,20–24]. Here we will only
summarize the PPDG mathematical model that we used to calculate the voltage pattern, and the
experimental set-up used to obtain the experimental results presented in the next chapter.

The determination of a driving voltage pattern able to introduce the required phase shifts on
each waveguide for a synthetic spectra generation is the base problem for the programmability
of the device. In fact, the definition of the driving voltage pattern must give rise to an electro-
magnetic radiation emerging form the output face of the grating that will generate the desired
synthetic spectrum at a predetermined diffraction angle ϑd.

The key point in the programming of a waveguide-based PPDG for a synthetic spectra
generation is the determination of a driving voltage pattern able to introduce the required phase
shifts on each of the M ridge waveguides. In this way, the electromagnetic radiation emerging
form the output face of the grating will generate the desired synthetic spectrum at a predetermined
diffraction angle ϑd. In this section of the present paper, a mathematical framework for the
specific case in which the functional elements are electro-optical waveguides will be derived and
discussed.

Under the hypothesis of working in the Fraunhofer approximation, the diffracted field on a
point of observation forming an angle ϑd with respect to the longitudinal axes of the system (see
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Fig. 5) can be described by the following Fourier-transform integral:

U(λ, ϑd) =
C · A
λ

∫ +∞

−∞

U′(X, λ) · exp(−
2πi sin(ϑd)
λ

) · dx, (1)

where C is a constant of proportionality, A is the amplitude of the incident wave that, for sake
of simplicity, is now supposed to be independent from the wavelength λ and x is the spatial
transverse coordinate of the PPDG output facet.

Fig. 5. Schematic of the set-up used in the present work showing the architecture used for
correlation spectrometry experiments described in the text. In this architecture the reference
cell, is substituted by the modulated programmable phase diffractive grating

In Eq. (1), U’(x, λ) is the near-field distribution emerging from the output facet (emitting
surface) of the PMDG. For a grating with M waveguides of width W and periodicity P, this
distribution can be described by the following expression:

U′(X, λ) =
∑︂M

m=1
exp

(︃
−γ ·

2πi L
λ

·
Vm
d

)︃
· exp (−

(x − mP − P/2)2

(
W
2
)

2 ) (2)

where L is the electrode length, d is the device thickness, Vm is the voltage applied to the m-th
waveguide and γ is a constant depending both on the electro-optical characteristics and the
crystallographic orientation of the substrate.

In Eq. (2), the first exponential term of the summation, describes the phase shift induced
on the m-th waveguide by the local driving voltage Vm, whereas the second exponential term
describes the mode profile emerging from each waveguide that, as a first approximation, is
supposed to follow a Gaussian shape. Equation (2) clearly shows how the local phase of the field
emitted by the grating and, consequently, the diffracted pattern at angle ϑd, can be controlled
through the application of a suitable set of M potentials Vm=1, . . . , M. The PPDG design and
programming procedure is therefore reduced to the determination of a suitable voltage pattern,
which minimizes the difference between the target spectrum of interest and the synthetic one
calculated with Eqs. (1) and (2). The difference between the target and the synthetic spectra can
be quantified by introducing an error function ∆E of the form:

∆E =
√︃∑︂N

1
(Id

n − In)
2 (3)

where In = |U(λn)|2 is the intensity of the target spectrum and In
d is the diffracted intensity

spectrum at the considered diffraction angle ϑd, both evaluated over the same set of N wavelength
within the spectral range of interest. Once this error function has been defined, the PPDG
programming procedure reduces to the optimization problem of finding the minimum of ∆E
with respect to the control parameters (V1, V2, . . . VM).
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In order to simplify the mathematical formalism, we can set K= (γL/d) so we can write:

Dm = K Vm (4)

thus merging in a single expression both the external driving voltage and the features of the PPDG.
The new variables (D1, D2, . . . DM) have the dimension of a length, so each Dm value considers
the optical path differences, (at wavelength scale), among the length different waveguides. This
physically is equivalent to introduce a programmable offset in the phase shift in the first term
of Eq. (2). The effective voltage pattern to be applied to the different electrodes of the PPDG
will then be calculated from the Dm values resulting from the optimization routine once the
technological parameters have been set.

To face the multivariable optimization problem, several numerical approaches have been
proposed so far, among them we can cite, iterative Fourier Transform phase-retrieval algorithm,
genetic algorithms, gradient-based multi-variable minimization routines [20–24].

After several tests we decided to adopt for the present investigation the Nelder-Mead simplex
method [23]. This method, whose numerical implementation is available within the most common
scientific computation libraries, has proven to be extremely effective for the solution of the
problem described by Eqs. (1) to (3), providing a monotonic and rapid convergence toward the
global minimum of the error function ∆E .

3.1. Generation of narrow band spectra

As a first test, simple narrow band synthetic spectra were generated, to verify at a very basic level
the efficacy of the implemented algorithms and consequently the adherence with the theoretical
background of the device. A typical result is reported in the below reported figures.

The effect of the number of waveguides (channels) on the accuracy of the synthetic spectrum
reconstruction has been evaluated in the case of phase gratings having different number (10, 20,
30 and 50) of waveguides. Figures 6, 7, and 8 report the results for a single peak target.

a) b)

Fig. 6. a) simulation of single peak synthetic spectrum generation with 10 channels activated,
b) calculated voltage pattern to be applied for channels drive.

From the examples of synthetic spectra reconstruction reported in Figs. 6, 7, and 8, it clearly
appears that the accuracy with which can be obtained the target spectrum is dependent on the
number of waveguides forming the phase grating. This involves the definition of the technological
process used to fabricate it. As a rule of thumb, the higher is the number of waveguides the better
is the accuracy in the reconstruction of the target spectrum. In general, this requirement involves
a high number of narrow waveguides close packed.
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a) b)

   

c) d)

Fig. 7. a) simulation of single peak synthetic spectrum generation with 20 channels activated,
b) corresponding calculated voltage pattern to be applied for channels drive, c) same with 50
channels and d) corresponding calculated voltage pattern.

                    
Fig. 8. Actual synthetic spectra obtained by application of different voltage patters, involving
a progressively growing number of diffraction channels.
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One limit is that when the waveguide width is small, there is a cut-off in the upper part of the
spectral window so excluding the use of the device with long wavelengths. A second limitation
comes from the crosstalk that can become excessive for very close packed waveguides arrays.
In conclusion it is necessary to make a trade-off between the spectral window of the synthetic
spectrum and the desired accuracy of the reconstruction.

3.2. Generation of broad-band spectra

A successive step, fundamental for the application of the HC for CS analyses, was implemented
through the generation of broad-band synthetic spectra, constituted by articulated spectral features.

An example of the effect of the PPDG programming process on an infra-red, (I.R.), region
centered around the wavelength λ = 1288 nm and with a spectral window 748 nm wide is reported
in Fig. 9.

      
Fig. 9. Comparison of a rough spectrum (black line) obtained at 2° angular distance from
the central diffraction order and the spectrum obtained at the same angle after the application
of a calculated driving voltage program (red line), i.e. with the generation of a synthetic
spectrum

Figure 9 shows the effect of the application of a programming voltage pattern on a broad band
spectral window, spanning 748 nm in wavelength. In particular, the black line shows the spectral
distribution registered at 2° angular distance from the central diffraction order, whereas the red
line shows the spectrum obtained at the same angle, when a calculated voltage pattern is applied.
From the comparison between the two spectra, it clearly appears the huge effect ‘synthetically’
obtained – i.e. with the application of a voltage driven phase distribution – on a very large
spectral window.

With reference to the schematic architecture reported in Fig. 5, let us show the effect of the
correlation process on the experimental spectrum of CH4. In this case, the synthetic spectra used
for the correlation process was the IR spectrum of the methane (CH4), as reported in common
databanks [e.g., 25]. The results, displayed in Fig. 10, give a strong indication on the accuracy of
both the instrument and the synthetic spectra generation. Also, in this case, it is necessary to make
a trade-off between accuracy of the reconstruction of the synthetic spectra and the architecture of
the programmable phase grating, with particular reference on the number of waveguides.
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                           a)                                                                                             b)

 

c)                                                                                          d)

Fig. 10. a) Simulation of the methane spectrum as it is generated by a phase grating having
an array of 50 waveguides. b) The corresponding calculated voltage pattern to be applied. c)
and d) report the same for a 96-channels PPDG.

Considering that the peculiar characteristic of the Michelson’s “echelle” grating is the high
resolution at very small diffraction angles where the intensity is very high, it was decided to
reconstruct the synthetic spectra on a wavelength window of about 50 nm in the case of two kinds
of phase grating working at a fixed diffraction angle of 2° and having an array of 50 and 100
waveguides respectively. Figures 10 (a) and 10 (c) report the synthetic spectra obtained with
phase gratings formed by an array of 50 and 100 waveguides respectively. Whereas Figs. 10 (b)
and 10 (d) report the relative potential patterns.

In Fig. 11 the experimental analysis of the effect of the number of diffractive waveguides
(channels) is reported, measuring the intensity distribution of a real spectral peak centered at
1224 nm and spectral window 70 nm wide, as a function of the number of waveguides activated
in the phase grating. Also, in this case, (spectral window of 70 nm), an analysis of the efficacy
of the implemented programming algorithms and the adherence of the basic theory with the
actual functioning of the device was possible via the comparison of both expected, (target), and
obtained results.

3.3. Assessment of the results

The computer synthetized spectra and the comparison with the experimental data reported in
the previous chapter demonstrate that there is a good agreement between the theoretical models
developed for the functioning of the integrated programmable synthetic spectra generator and
the results obtained by implementation of the programmable phase grating device fabricated by
using integrated optics MEOS microfabrication techniques on LNOI substrates.
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Fig. 11. Accuracy of the generation of synthetic spectra as a function of the activation
of a progressively growing number of diffraction waveguides (channels). In the internal
figure caption, the values of the parameter ∆E , as per Eq. (3), are reported for each activated
channel set.

The main source of discrepancy observed between the generated synthetic spectra and the
expected ones mainly resides on the number of diffraction channels involved, which number is in
general slightly greater than the one calculated with the basic functioning model. This aspect is
probably due to non-idealities introduced on actual devices during both microfabrication and
principally during front-end optical preparation by means of conventional polishing techniques.
This suggests that a very good control of the front-end optical surfaces is a very important
parameter to control if an integrated device suitable for proper operation is required.

4. Conclusions

With this work we demonstrate the feasibility of fully programmable synthetic spectra generators
using integrated optics MEOS microfabrication techniques on LNOI substrates. A series of
HC integrated optics devices were fabricated and tested to verify the possibility of a proper
application in CS instrumentation, where the integrated HC replaces the reference cells by
generating programmed synthetic spectra of the analyte to be detected and measured. The tests
performed on lab conditions demonstrated the capability of such device to generally generate
synthetic spectra with a very good spectral correspondence with the target ones. Though it was
verified that, to obtain a good correspondence between the target and the generated spectrum it is
required on average a higher number of diffractive elements with respect to the number calculated
ones, nevertheless with the driving of about 100 diffraction channels it is possible to properly
fit spectral features < 10 nm FWHM over the whole 900 nm -1700 nm spectral window, thus
indicating a spectral resolving capability, depending on the central wavelength of the synthetized
spectrum, better than 1 nm at 900 nm and better than 2 nm at 1700 nm, with a nearly linear
dependence with wavelength between these two extremals.

With respect to state-of-the-art holographic phase mask apparatuses, our device offers many
advantages in terms of compactness and particularly flexibility. In fact, it is worth mentioning
that the programmability of the device, allows to address even in real time huge numbers of target
species to be detected, with a simple online reprogramming process. With respect to MEMS
analogous devices, namely micromechanical optical light valves, the PPDG based on LNOI offers
a great advantage in terms of switching capabilities, owing to the fact that no mechanical parts



Research Article Vol. 3, No. 10 / 15 Oct 2024 / Optics Continuum 1844

are involved but only electro-optical switched elements are exploited, with intrinsic switching
capabilities in the realm of hundreds of MHz and more, proper of the LiNbO3 based substrate.

The PPDG device, described in this work, offers the capability to synthesize in real time
reference spectra of in principle any molecule detectable in the N.I.R. spectral segment with
application to potentially hazardous and security problematic chemical agents, possibly present in
the sampled environment atmosphere. Furthermore, the same device can be operated as reference
signal modulator, thanks to the electro-optic properties of the active layer, thus implementing in a
compact integrated optical solution, all the features requested in correlation spectroscopy by the
reference cell, as described in the introduction. In synthesis, the above reported characteristics
are compliant with the requirements of CS applications, particularly on field, where the HC can
fully replace both reference cells and optomechanical succedaneums of such components. In fact,
starting from the described integrated HC, a new generation of miniaturized fully programmable
correlation spectrometers are under development at our labs. in particular, a first application of
such miniaturized instrumentation, has been implemented in a compact correlation spectrometer,
applied to perform environment analyses flying on board of an airborne drone platform, which is
at present involved in on-field test campaigns, which results will be reported and described in a
forthcoming paper.
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