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Abstract. Recently, it becomes a tendency for cost-effective, portable spectrometers to have more
applications from scientific research to daily life, e.g., in food safety and air pollution analysis.
While most spectrometers utilize plane gratings, we demonstrate a more miniaturized, two-chan-
nel, broadband spectrometer based on variable-spacing concave gratings, combining the function-
ality of imaging optics and diffraction grating in one component. The added degree of design
freedom in the micro-sized grating spacing further corrects most optical aberrations, thus the
design achieves a tiny volume of <26 × 12 × 10 mm3 with a high spectral resolution. Simulation
results show an optical resolution of <1.6 nm in the VIS-channel (400 to 790 nm) and <3.1 nm in
the NIR-channel (760 to 1520 nm). The blazed structure of grating grooves provides a high overall
diffraction efficiency in the whole spectral range, more than 50% on average. To further validate
the feasibility for mass production, we successfully manufactured the variable-spacing concave
gratings by using diamond tooling for fabricating the master mold and hot embossing for
replication. Our fabricated variable-spacing grating replicas have a diffraction efficiency up to
70% in the VIS-channel and up to 60% in the NIR-channel. We built the prototype with fabricated
concave gratings, and experimental results show a good match (error < 7%) in spectral resolution
with the nominal design. © The Authors. Published by SPIE under a Creative Commons Attribution 4.0
International License. Distribution or reproduction of this work in whole or in part requires full attribution of
the original publication, including its DOI. [DOI: 10.1117/1.JOM.3.2.024501]
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1 Introduction

Portable miniaturized spectrometers are used in a vast variety of applications, such as chemical
analysis, astronomy, and environmental monitoring.1–6 With the applications to more daily life
activities, such as food safety7 and air pollution,8 the demand to develop cost-efficient, portable
spectrometers with a broadband spectrum and high spectral resolution has been increasing.9–11

To suit the broadband (e.g., covering ultraviolet to near-infrared) requirement, a conventional
spectrometer can be a burdensome instrument comprised of a precisely scanning dispersive
element and separate imaging optics to achieve both high efficiency and spectral resolution.12,13

The moving components substantially increase the system’s complexity and make it bulky and
limited for laboratory use.

State-of-the-art broadband, miniature spectrometers can be categorized into four main
categories.14 The first kind uses narrowband filters to split light into desired spectral bands,
e.g., Fabry–Perot can achieve very high spectral resolution while the spectrum is quite narrow,
whereas broadband solutions do not provide a spectral resolution higher than 8 to 12 nm.15,16

The second group disperses light from temporal or spatial interference, then recovers the signal
by Fourier transform (FT), hence FT spectrometers. Their spectral resolution is limited by the
maximum optical path difference, resulting in a moderate resolution (∼7.5 nm) from reported
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broadband devices.17 The third group obtains the spectral information by computational recon-
struction of chromatic images, of which 2.1-nm resolution has been reported in the spectral range
from 400 to 900 nm.18 However, it requires a complex calibration procedure and is highly
sensitive to temperature fluctuations and vibrations.

The last group utilizes dispersive gratings to get spatially separated spectra. Due to the matu-
rity in design algorithms and fabrication techniques, plane gratings are most frequently used in
portable spectrometers and provide a high spectral resolution from 1 to 3 nm in a broad spectral
range.19,20 Recent advances in grating fabrication with almost any groove shape bring up the
concave grating designs, which introduces more degrees of freedom for aberration correction
and ensures a more compact structure. The volume of a concave-grating-based microspectrom-
eter is only 11 × 6 × 5 mm3,21 with a 5 nm resolution in a spectral range from 400 to 1030 nm.
However, it is based on a multi-order concept and requires sequential illumination of the target
with light sources of limited spectral ranges. Cheng et al.22 presented a high-resolution, broad-
band single-photon dispersive spectrometer using concave grating; nevertheless, it needs a
highly cooled, bulky, expensive superconducting nanowire detector. In 2017, Chen et al.23

reported a concave grating spectrometer with a volume of 360 cm3 and a resolution better than
1.5 nm from 360 to 825 nm. Such a relatively high optical resolution is achieved by utilizing a
concave grating with variable spacing.

Like other gratings, concave gratings also have inherent constraints such as a limited free
spectral range due to high-order spectral overlapping and low diffraction efficiencies for broad-
band usage. To overcome these issues and at the same time employ the advantages of a concave
grating, we propose a variable-spacing concave grating with a two-channel design to broaden the
spectral range and compensate for the low efficiency of using only one grating. With the develop-
ment in diamond tooling and high-precision replication techniques, the fabrication of such
gratings has become more available.

In the following section, we present the optical design method for the two-channel, variable-
spacing concave grating. By introducing variable spacing on the concave grating, the optical
aberrations are well compensated. We divide the broad spectrum into VIS and NIR channels
without adding movable components to achieve a high spectral resolution and efficiency.
Furthermore, gratings have an optimized blazed structure to maximize the overall diffraction
efficiency. In Sec. 3, we investigate the mass-fabrication strategies for the designed variable-
spacing concave gratings. The assembled spectrometer and the obtained experimental results
are discussed in Sec. 4. Finally, the conclusions are drawn, and future work is discussed.

2 Optical Design

Recently, we reported the design of the miniaturized spectrometer,24,25 where a broad spectral
range was divided into two channels. In that design, we use two plane gratings, and all the
components are off-the-shelf products, which limits the volume to be further minimized. In this
work, we further simplify the optical layout by replacing plane gratings with concave gratings,
greatly reducing the optical volume by more than 60%.

2.1 Optical Configuration

The layout of the proposed optical design is shown in Fig. 1. The incoming light consequently
goes through an entrance slit (size of 15 × 500 μm2) and a mechanical aperture (NA = 0.1),
which reduces the amount of stray light in the system. Then, an achromatic doublet lens
(COMAR 08DQ06) collimates the light in a broadband spectral range. A dichroic beamsplitter
(Semrock FF775) and a flat mirror have been placed to keep one entrance port for both channels
and the possibility of one detector. The beamsplitter can reflect light from 400 to 790 nm and
transmits light in 760- to 1520-nm spectrum, respectively the VIS-channel and the NIR-channel.
The two channels have concave gratings with different spacing and blazed structures for high
efficiency, while they are placed in one plane to be fabricated using one mold, as described
in Sec. 3. The optical layout of the spectrometer is limited to an optical volume of
26 × 12 × 10 mm3.
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For detection, we plan to use a 2D SONY IMX990 sensor sensitive in a broad spectral range
from 400 to 1700 nm. A 2D sensor allows using one detector for two spectral channels by acquir-
ing the signal separately from two parts of the sensor. Furthermore, a 2D sensor helps to soften
the tolerances for fabrication and assembly of a miniaturized spectrometer since light is not
constrained to be well-focused inside the pixel height as in the case of a line sensor.

2.2 Concave Grating Design Method

The concave grating combines an elliptical surface sag and a diffraction grating with grooves that
can have a variable spacing across the grating surface.26 The sag z of such a grating is given as

EQ-TARGET;temp:intralink-;e001;116;353z ¼ cu2

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − u2

p ; (1)

where

EQ-TARGET;temp:intralink-;e002;116;295u2 ¼ a2x2 þ b2y2: (2)

In these equations, x, y, and z are the surface coordinates, and a, b, and c are the coefficients
that define the shape of the elliptical substrate.

By controlling the groove spacing along the grating surface, one can change the form of the
meridional focal curve of the grating, which defines the point spread function along the
dispersion axis of the grating.6 In other words, it has a direct impact on the spectral resolution
of the spectrometer. The effective grating spacing is defined as follows:

EQ-TARGET;temp:intralink-;e003;116;191deff ¼ T0 þ αyþ βy2; (3)

where T0 is the default spacing at the center of the grating, and α and β are the polynomial
coefficients, defining the grooves aperiodicity across the grating surface.

The gratings were designed in Zemax OpticStudio using Elliptical Grating 1 surface type and
optimized with a custom merit function based on the XENC operand.26 This operand computes
the distance to the specified fraction of the extended source encircled energy. As an extended
source, we used an entrance slit with a width of 15 μm. The goal of the optimization was to
minimize the full-width-half-maximum (FWHM) of the encircled energy distribution along the
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Fig. 1 Optical configuration overview. The blue, green, and red rays correspond to 400, 600, and
760 nm in the VIS-channel and to 775, 1200, and 1520 nm in the NIR-channel, respectively. The
inset schematically sketches the curved grating with the blazed structure, where T 0 is the grating
spacing and θb is the blazed angle.
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dispersion axis at the detector plane. Table 1 provides an overview of the optimized grating
parameters.

The coefficient a controls the substrate curvature in the plane parallel to the groove lines.
This curvature determines the sagittal focal curve and does not impact the spectral resolution of
the system. Hence, the coefficient a was set to zero, ensuring that the gratings are flat along their
x-axis, which considerably simplifies the grating fabrication as described in Sec. 3. Figures 2(a)
and 2(b) illustrate the surface sag of both gratings. Both gratings have almost an identical
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Fig. 2 Variable-spacing concave gratings design. Surface sag for the (a) VIS- and (b) NIR-grating.
Variable grating spacing sectional distribution at x ¼ 0 mm for the (c) VIS- and (d) NIR-grating.

Table 1 Overview of the designed variable-spacing concave diffraction grating parameters.

VIS-grating NIR-grating

Surface sag parameters

b 0.053 0.053

c 18.874 18.914

Grating parameters

T 0 (μm) 0.909 1.818

α 5.23 � 10−4 3.48 � 10−3

β 2.59 � 10−3 4.14 � 10−3
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aspherical shape with a slight difference in the c coefficient. The maximum surface sag for both
gratings is 60 μm, on a circular aperture of 3-mm diameter.

As seen in Table 1, the NIR-grating spacing T0 is twice that of the VIS-grating. It is defined in
such a way as to provide an identical diffraction angle for the central wavelengths in both spectral
channels, which makes the light follows a similar optical path from the grating toward the sensor.
As a result, the two channels will focus on the same sensor, considerably simplifying the optical
layout. Figures 2(c) and 2(d) demonstrate the spacing distribution of the two gratings.
Both gratings have a parabolic spacing distribution with the vertex located in a non-zero
y-coordinate. The gratings have a bigger spacing at the edge that corresponds to the positive
values of y-coordinates (upper part of the gratings in Fig. 1).

The image obtained in Zemax OpticStudio after ray tracing has been performed in the pro-
posed optical layout as shown in Fig. 3(a). Both spectral channels are captured by the same
sensor, each occupying half of the sensor without overlapping with the neighboring channel.
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Fig. 3 (a) Spectral image simulation with six predefined wavelengths. The red lines demonstrate
the cross-section readout. (b) The FWHM values in the cross-section indicate the spectral res-
olution at the corresponding wavelengths.
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The simulated spectral peaks are shown in Fig. 3(b). The spectral FWHM data are calculated
from the central row of each channel on the sensor, as depicted by the red lines in Fig. 3(a).
Averaging signals of all the rows along the wavelength footprint can improve the signal-to-noise
ratio (SNR) performance, which has been demonstrated in our previous work.24 The spectral
peaks are asymmetrical due to the residual coma and field curvature aberrations. However, it
has a minor impact on the spectral resolution. Simulations show that the mean spectral resolution
in the VIS-channel is 1.6 nm, while in the NIR-channel, it is 3.1 nm.

2.3 Blazed Structure and Diffraction Efficiency Estimation

While the imaging performance is determined by the surface sag along with the grating spacing,
the shape of the grooves defines the diffraction efficiency that is critical for the final SNR. The
diffraction efficiency is defined as the ratio between the power diffracted into a designated direc-
tion and the power incident on the grating. In the case of the proposed optical configuration, the
designated direction is the range of diffraction angles corresponding to wavelengths of VIS- and
NIR- spectral channels in the chosen diffraction order (+1). One of the approaches to control and
direct the power into the desired spectral range is based on the groove shape called blazed or
sawtooth grating. Blazed gratings are usually characterized by a triangular groove shape with a
blaze angle θb, as depicted in the inset of Fig. 1. The blaze angle θb is controlled and optimized
for the best spectral performance.

To define the required blaze angle for both gratings, we used the diffraction equation solved
for the blaze angle θb:

EQ-TARGET;temp:intralink-;e004;116;471θb ¼ arcsin

�
mλ

2T0

�
; (4)

wherem is the diffraction order and λ is the blaze wavelength, which theoretically has the highest
diffraction efficiency. Since the blaze wavelength has a high efficiency, we chose 600 nm for the
VIS-channel and 1200 nm for the NIR-channel for a more balanced efficiency over the whole
spectral range. It resulted in a blaze angle of 19.3 deg for both gratings.

We chose three coordinates (the center and two edges) on the surface to estimate the dif-
fraction efficiency of the designed grating, as seen in Table 2. The angle of incidence θi with
respect to a local normal differs depending on the surface coordinate, influencing the grating
efficiency. Furthermore, the blaze angle θb changes along the grating surface since the angle of
the diamond tool is fixed with respect to the substrate normal during the whole diamond tooling
process. Thus, the three chosen coordinates sample the minimum, the maximum and the medium
conditions for calculating the grating efficiency.

The grating efficiency is calculated using rigorous Fourier modal methods in VirtualLab
Fusion. The input parameters are the local blazed angle θb and the light incidence angle θi.
Preliminary simulations showed that small changes in the grating spacing, <0.02 μm∕mm as
shown in Figs. 2(c) and 2(d), have negligible impacts on the grating efficiency (changes <1%).
Therefore, the grating spacing was kept equal to T0 for the three simulations. Unpolarized light
was assumed and approximated as the average of two orthogonal polarization states
ðTEþ TMÞ∕2. The efficiency model utilized an aluminum coating, providing a high reflectivity
in the whole working range of the spectrometer.

Table 2 Simulation conditions. #1, #2, and #3 correspond to the three chosen coordinates along
the grating surface (the center and two edges).

y (mm) θi (deg) θb (deg)

#1 −1.5 45.9 23.9

#2 0.0 41.3 19.3

#3 1.5 37.0 14.7
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Figure 4 illustrates the simulated diffraction efficiencies for the VIS- and NIR- gratings. As
can be seen, the peak efficiency shifts toward shorter wavelengths as the y-coordinate changes
from negative to positive values. This shift occurs due to the blaze angle θb changing across the
grating surface, which results in a different blaze wavelength λ. Moreover, gratings have a higher
overall efficiency level at the edge that corresponds to positive y-coordinates. It can be explained
by the shadowing effect when part of the incoming light falls on the sidewall of the grating
groove. This effect is more present at the edge of the grating that corresponds to negative
y-coordinates, where sidewalls face a more significant part of the incoming light due to the local
curvature.

Given that the diffraction efficiency of the whole grating is the contribution of all grooves, we
approximated it as an average of the three conditions. The average efficiencies are shown in
Figs. 4(a) and 4(b) with bold dotted lines. As a result, the VIS-grating has a diffraction efficiency
of more than 50% in the designed spectral range from 400 to 790 nm. The NIR-grating provides
a diffraction efficiency higher than 40% in the spectral range from 760 to 1520 nm and higher
than 50% from 900 to 1520 nm. The measurements of the fabricated gratings are described
in Sec. 3.

3 Grating Fabrication and Replication

Mass production can significantly reduce the grating cost since direct tooling of a periodical
structure is both time- and cost-consuming. To manufacture the gratings in mass production,
two steps are generally needed, the fabrication of a master mold followed by replication.

Direct methods used to fabricate periodical structures include direct ruling, holography,
photolithography, and electron beam writing. However, fabricating blazed structures on spheri-
cal or aspherical substrates using these methods can be challenging and typically involves multi-
stage processing.27,28 It has been demonstrated that ultra-precision diamond tooling is a suitable
technique for processing advanced optical surfaces,29–31 including the fabrication of free-form
blazed gratings.32–34 Xu et al.35 used ultra-precision diamond tooling to cut a convex reflective
variable spacing grating with a blazed structure and a grating density of 300 lines∕mm. The
grating was used in the Offner configuration covering a spectral range from 500 to 1100 nm.
In another work, Li et al.36 diamond tooled a convex spherical blazed grating with 54 lines∕mm

grating density. According to the reported simulations, this grating can provide an efficiency
higher than 50% in the spectral range from 1650 to 2500 nm.

In this work, the master mold was produced using a Moore Nanotechnology 350 FG machine
capable of 5-axis ultraprecision diamond tooling. We selected a brass plate for the mold substrate

400 495 590 685 780

Wavelength (nm)

0

20

40

60

80

100

E
ff

ic
ie

n
c
y
 (

%
)

#1

#2

#3

Average

Measured

760 950 1140 1330 1520

Wavelength (nm)

0

20

40

60

80

100

#1

#2

#3

Average

Measured

(a) (b)

Fig. 4 Diffraction efficiency simulation and measurements for the (a) VIS and (b) NIR gratings.
The standard deviation is lower than 3% for all measured values. #1, #2, and #3 correspond to the
three coordinates along the grating surface (the center and two edges) chosen for the efficiency
simulation.
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with a 1-mm NiP coating. In the first stage, we used diamond tooling to shape the aspherical base
of the gratings. Since the mold is used afterwards for grating replication, the shape of the base
should be opposite of the sag profile shown in Fig. 2. Therefore, the base shape of the grating
mold is convex.

Figures 5(a) and 5(b) schematically illustrate the diamond tooling process of the grating
grooves. The diamond tool is fixed, and the workpiece with a mounted brass plate moves ver-
tically along the Y-axis to remove material, thus cutting the grating profile. The workpiece moves
along the X-axis to cut every new groove, whereas the Z-axis brings the tip of the diamond tool
to the correct sag position. For this ruling process, we used a diamond tool with an excluded
angle of 18.25 deg. We introduced an additional tilt with respect to the substrate normal so that
the diamond tool has an angle corresponding to the designed blazed angle of 19.3 deg, as shown
in the inset in Fig. 5(b).

Figure 6 shows the picture of the fabricated mold. The VIS- and NIR- gratings were posi-
tioned next to each other, so that both gratings can be replicated simultaneously in one repli-
cation step. The dashed circles in the inset of Fig. 6 show the clear aperture of the gratings, the
diameter of which is equal to 3 mm, and the rest of the grating surface is cut due to the diamond
tool evacuation. After the mold was successfully fabricated, we produced several replicas of the
gratings in polymethyl methacrylate (PMMA) through hot embossing. Hot embossing is the
technique of imprinting microstructures on a substrate using a mold under a given pressure and
molding temperature. Along with injection molding, it has proven to be one of the best methods
for manufacturing micro-component on a mass scale.37–41 Figures 5(c), 5(d), and 5(e) illustrate
the basic principle of hot embossing. First, a PMMA blank is mounted onto a holder so that the
blank can be effectively brought into contact with the mold. Secondly, the mold is pressed into a
heated PMMA blank. This way, the mold’s structure is transferred into a replica. Finally, the
PMMA blank is cooled down, and demolding takes place.

The fabricated mold and replicated samples were examined using SEM. Figure 7 shows the
analysis results. Both the mold and replicated gratings have a repeatable periodical structure.
Figure 8 shows a comparison between AFM-profiles of the mold and one of the replicated sam-
ples both for the VIS- and NIR- gratings. The mold profile of the VIS-grating has unexpected
waviness in the valleys of the grooves, which is also visible in the profile of the measured replica,
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Mold

(c) (d) (e)

Mold

PMMA blank
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Heat and force Cooling and demolding

b
=19.3°
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Fig. 5 Variable spacing concave blaze grating fabrication. Diamond tooling of grating grooves on
a convex substrate: (a) three-dimensional and (b) top views. Hot embossing of grating replicas:
(c) general overview prior to the embossing; (d) embossing with force and temperature applied;
and (e) cooling and demolding of a final replica.
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where this effect is transferred to the peaks of the grooves. Most probably, it was caused by the
damage of the diamond tool. This effect is not present in the profile of the NIR-grating because it
was cut first, whereas the damage, as we assume, occurred during the diamond tooling of the
VIS-grating. The replica profile of the NIR-grating is in good agreement with the mold profile.
However, the peaks of the replica’s grooves have a more rounded shape compared with the mold.
One of the possible reasons is that the PMMA blank was not sufficiently immersed in the mold.
Additional simulations have shown that such deviations from the ideal grating profile can result
in an efficiency drop up to 10% both for VIS- and NIR- grating. Further investigation and opti-
mization of diamond tooling and hot embossing processes are required to achieve a better match
between a replica and the ideal blazed profile.

After replication, we sputtered the samples with a thin layer of reflective aluminum coating.
We measured the diffraction efficiency of the fabricated samples, which is defined as the ratio
between the power diffracted into the designated diffraction order and the power incident on the
grating. The efficiency was performed with the gratings installed into the spectrometer housing

VIS

NIR

Fig. 6 The fabricated two-channel grating mold using diamond tooling. The inset demonstrates
the picture of the VIS and NIR gratings taken with an optical microscope. Dashed lines show the
clear aperture of the gratings.

(a) (b)

(c) (d)

2 μm 2 μm

2 μm2 μm

Fig. 7 SEM analysis. VIS-grating: (a) mold and (b) replica. NIR-grating: (c) mold and (d) replica.
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described in Sec. 4.1. To provide monochromatic illumination of the gratings, we used a set of
dichroic bandpass filters. The efficiency results of the measurements are shown in Fig. 4 along
with the simulation values. The VIS-grating reaches a maximum diffraction efficiency of 70%,
whereas the blaze wavelength is larger than the one in the simulations. Most probably, it is
caused by misalignments that occurred during the assembly of the prototype. As a result, the
beam at the grating surface could be shifted toward the edge, corresponding to the blaze wave-
length in the region 630 to 680 nm (simulation condition #1). The NIR-grating achieves a maxi-
mum diffraction efficiency of 60%. In addition to a small shift of the blaze wavelength, an overall
drop in efficiency exists due to the fabrication deviation from the nominal grating profile.

4 Prototyping and Characterization

4.1 Prototype Description

To make sure the prototype achieves the designed spectral resolution, we have performed a tol-
erance analysis as described in our previous work based on flat gratings.24 It has been shown that
the XYZ-decenter tolerance and XYZ-tilt of all optical components do not exceed �0.1 mm

�0.5 deg, respectively. Therefore, all the tolerances are within a commercial class, and no
higher precision tolerance class is required.42,43

The broadband sensor used in the design has not been yet released for purchase as an off-the-
shelf device. Therefore, we designed two separate housings for two different sensors to provide a
proof-of-concept demonstration for the whole spectral range from 400 to 1520 nm. In the first
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Fig. 8 AFM characterization. VIS-grating: (a) mold and (b) replica. NIR-grating: (c) mold and
(d) replica.
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case, we used a camera from XIMEA with Sony IMX225 sensor sensitive in a spectral range
from 400 to 1000 nm. Therefore, it covers the whole spectral range of the VIS-channel and a part
of the NIR-channel, namely from 760 to 1000 nm (hereinafter referred to as NIR-1). This sensor
has a pixel pitch of 3.45 μm and a diagonal of 16.1 mm, so no modifications in the previously
proposed design were required. To demonstrate the capabilities of the proposed design in the
whole NIR-channel, we used a Xenics Bobcat 320 camera based on an InGaAs sensor sensitive
in a spectral range from 900 to 1700 nm (hereinafter referred to as NIR-2). The sensor has a
diagonal of 8.2 mm and a pixel size of 20 μm. Figure 9 shows the picture with the assembled
spectrometers.

The mechanical housings for both demonstrators were printed using multi-jet fusion technol-
ogy that provides sufficient accuracy and resolution for fast prototyping of such optical systems
The housing consists of two parts printed separately and later assembled with cameras through
threaded joints. The mechanical aperture, lens, and replicas with concave gratings are glued within
the designed holders printed as one part with the spectrometer housing. The entrance slit is glued
on the SMA bulkhead adapter. This adapter has one degree of freedom (along the z-axis in Fig. 1),
so that by moving an entrance slit, an optimal focal position can be found.

As shown in Fig. 9, the spectrometer housing designed for the VIS and NIR-1 channels has a
size of 37 × 29 × 27 mm3, whereas for the NIR-2 channel is 61 × 36 × 12 mm3. The bigger size
of the second housing is due to the specific arrangement of the threaded holes in the camera’s
body, which were used for assembly with the spectrometer housing.

4.2 Experimental Results

To characterize the performance of the proposed design, we used the Ar-Hg source that provides
distinctive spectral lines from 300 to 1600 nm. The source was used as well to perform a cal-
ibration, i.e. to relate the pixel number to wavelength.

The spectra acquired after calibration are shown in Fig. 10, whereas the comparison between
the simulated and measured numerical FWHM values of the spectral peaks is provided in
Table 3. The simulated values in Table 3 are obtained using the pixel sizes of the used sensors.
The change in pixel size (compared to the simulations shown in Sec. 2.1) does not affect the
spectral resolution in the VIS and NIR-1 channels, as it is smaller than the pixel size of the
original design. However, in the NIR-2 channel, the pixel pitch increased to 20 μm, leading
to a deterioration of the predicted spectral resolution. It comes from the entrance slit image being
integrated by bigger pixels. For example, the simulated spectral resolution at 1295 nm has
increased from 3.71 to 6.28 nm.

VIS and NIR-1 NIR-2

29 mm

27 mm 37 m
m

86 mm

36 mm
61 m

m
12 mm19 mm

Fig. 9 The assembled spectrometers. The red values correspond to the height including the cam-
eras’ housings sizes.
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The experimental results presented in Table 3 demonstrate that the optical resolution in the
VIS, NIR-1, and NIR-2 channels are in good agreement with the performed simulations. The
measured mean spectral resolution is 1.7 and 3 nm for the VIS and NIR-1 channels, respectively.
In the NIR-2 channel, we achieved a mean resolution of 5.9 nm. However, in this channel, we
expect a resolution comparable to the NIR-1 channel if a sensor with a smaller pixel (e.g.,
3.45 μm, compared to the current 20 μm) size is used.

5 Conclusions

In this work, we have designed and demonstrated a miniaturized, two-channel, broadband spec-
trometer on concave gratings with variable line spacing. The suggested optical design maintains

Table 3 The comparison of the spectral resolution achieved through simulations and measure-
ments. The simulated values are obtained using the actual pixel pitches of the used sensors. It is
noteworthy that the NIR-2 sensor has a lower resolution due to a bigger pixel size (20 μm) com-
pared to the design (3.45 μm).

Spectral channel Spectral line (nm) Simulated (nm) Measured (nm)

VIS 435.833 1.56 1.60

546.074 1.53 1.79

750.387 1.66 1.71

NIR-1 811.531 3.02 2.98

912.297 3.48 3.07

NIR-2 965.779 5.63 5.02

1295.666 6.28 6.23

1532.934 6.42 6.32
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Fig. 10 The measured spectrum of Ar-Hg source using the (a) SONY and (b) Bobcat sensors.
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the advantage of concave grating spectrometers in terms of compactness and simplicity while
effectively expanding the spectral band, outperforming other reported concave-grating spectrom-
eters. By combining concave gratings with the two-channel concept, this spectrometer achieves a
broad spectral range from 400 to 1520 nm with a miniature optical volume of 26 × 12 × 10 mm3.
Simulation results show a resolution smaller than 1.6 nm in the VIS-channel and smaller than
3.1 nm in the NIR-channel. The concave gratings have an optimized blazed structure that pro-
vides a diffraction efficiency higher than 40% throughout the working range of the spectrometer.

We investigated a possible mass-production strategy of the two-channel concave grating by
using diamond tooling for mold fabrication and hot embossing for replication. The fabricated
replicas have a repeatable structure and show a maximum diffraction efficiency up to 70% in the
VIS-channel and up to 60% in the NIR-channel. Experiments on the assembled prototype dem-
onstrate that the resolutions in VIR- and NIR-channels are both in good agreement with the
optical design results (error in the optical resolution < 7%).

The proposed design combines the advantages of having a high optical resolution and broad
spectral range in one device, while maintaining the size of the spectrometer sufficiently compact.
Such capabilities benefit spectrometric analysis and increase versatility for potential applica-
tions. In future studies, we plan to optimize the fabrication process of the variable-spacing con-
cave grating so that the diffraction efficiency can be improved and brought closer to the
theoretical estimations.
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