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A concept for a highly miniaturized spectrometer featuring a two-component design is presented. The
first component is a planar chip that integrates an input slit and aberration-correcting diffraction grating
with an image sensor and is fabricated using microelectromechanical systems (MEMS) technologies. Due
to the fabrication in a simple MEMS batch process the essential elements of the spectrometer are auto-
matically aligned, and a low fabrication cost per device can be achieved. The second component is a sphe-
rical mirror, which is the only external part. The optimized grating structure compensates for aberrations
within the spectrometer operating range, resulting in a diffraction-limited performance of the spectro-
meter optics. The prototype of the device has been fabricated and characterized. It takes a volume of
0:5 cm3 and provides a FWHM spectral resolution of 0:7nm over a 350nm bandwidth from 420nm to
770nm combined with an etendue of 7:4 × 10−5 mm2 sr. © 2008 Optical Society of America

OCIS codes: 300.6190, 050.1950, 220.2740, 220.1000.

1. Introduction

Compact optical spectrometers are of huge interest
in many areas, including industrial, biomedical,
space, and scientific applications. Portability of the
system is especially important in space applications,
where small size and weight are decisive. The
spectrometer is often a core part of a versatile instru-
ment and significantly affects the costs of the com-
plete system. If a spectrometer can be fabricated
with an integrated circuit-like batch process suited
for high volume production, a low unit price would
be possible. Micro-optical electromechanical systems
(MOEMS) technologies are very suitable for achiev-
ing that objective.
The progress in integrated optics andmicroelectro-

mechanical systems (MEMS) technologies in primar-
ily silicon has brought possibilities for the design of

compact spectrometers using very small integrated
optical and optomechanical components [1]. For
example, a 5mm× 5mm MEMS chip with movable
micromechanical parts comprising a variable depth
lamellar grating was used in a Fourier transform
spectrometer [2]. A 1:6nm FWHM resolution at a
wavelength of 400nm and a 5:5nm resolution at
800nm have been reported. Electron-beam lithogra-
phy was used in [3] for the fabrication of an imaging
diffraction grating employed in a spectrometer as
small as 1 cm3. The reported spectroscopic device de-
monstrated a 5nm resolution within a 100nm range.
Two imaging gratings have been integrated in a pla-
nar design, which has resulted in a 45mm3 micro-
spectrometer with a 3nm FWHM resolution over a
300nm operating range in the visible region [4]. A
spectrometer employing planar waveguide optics
and micro-optical parts has been described in [5].
The authors expect a theoretically feasible resolution
of 2nm within a 300nm operating bandwidth based
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on numerical simulations. A 16-channel Fabry–Perot
filter array integrated with photosensors and read-
out electronics has been demonstrated in [6]. In [7]
this approach has been extended to a 128-channel
Fabry–Perot filter with FWHM spectral resolution
varying from 1:7nm to 3:8nm from channel to chan-
nel in the operating range from 722nm to 880nm.
In general, the additional benefits of using MEMS

technologies, such as miniaturization of the device
and integration of optics with electronic circuits,
are at the expense of optical performance [1], and
a subnanometer spectral resolution in a wide wave-
length range has not been achieved in a compact
system to the best of our knowledge. MEMS technol-
ogies are inherently planar in the sense that the out-
of-plane dimension cannot be controlled to any value
by design. Controlled anisotropic [8] or isotropic [9]
etching of silicon can be used to fabricate integrated
nonplanar optical components in silicon. However,
the technologies mentioned are suitable for the fab-
rication of lenses or mirrors, which are smaller than
several hundreds of micrometers in diameter and
cannot be applied for production of optical elements
with a small F-number (less than 4) and several
millimeters in size. The optical system of a MEMS-
based spectrometer is, therefore, either restricted to
planar optical surfaces only [4] or external nonplanar
components should be used [5]. It was demonstrated
theoretically that a subnanometer spectral resolu-
tion cannot be achieved in a compact system using
flat components only with a single diffraction grat-
ing, due to large optical aberrations [10]. Spherical
or aspherical parts are necessary to achieve the
low-aberration optical performance of the system
required for high spectral resolution.
This article reports on a two-component miniature

spectrometer with an entrance slit, diffraction grat-
ing, and image sensor integrated on a planar MEMS
chip, which is combined with a low-cost commercially
available spherical mirror, a single external compo-
nent. The goal in the design of such a spectrometer
is twofold: first, to maximize spectral resolution un-
der dimensional constraints; second, to make a de-
sign that is suitable for component fabrication in a
simple MEMS batch process, while allowing rela-
tively large tolerances in component alignment
during system assembly. The use of a single spherical
mirror defines the optical design as a modified
Fastie–Ebert mounting [11] (Fig. 1). The Fastie–
Ebert configuration is characterized by the grating
tilted relative to photosensor to compensate for opti-
cal aberrations. Such a design is employed in com-
mercially available spectrometers, for example, in
a miniature Hamamatsu spectrograph with spectral
resolution of 8–9nm [12]. However, unlike these clas-
sical Fastie–Ebert mountings, the planarity of the
MEMS chip presented here implies that the entrance
slit, the grating, and the image sensor are in the
same plane. This planar configuration results in
poorly compensated aberrations in the case of a lin-
ear grating. Aberrations of the optical system can be

significantly reduced by an appropriately designed
nonlinear grating. Such a grating with slightly
curved and not equally spaced grooves is able to
provide nearly diffraction-limited performance of
the spectrometer imaging system. The proposed de-
sign concept involves integration of all spectrometer
components on a planar chip, except a single external
spherical mirror, combined with an aberration-
correcting grating and is new to the best of our
knowledge. Integration on a planar chip allows the
exploitation of all the benefits provided by MEMS
technologies. Due to the MEMS processing all of
the spectrometer components, with the exception
of the spherical mirror, are automatically assembled,
and low cost per device in a high-volume production
can be achieved. Another potential benefit of the pro-
posed microspectrometer is the possibility to inte-
grate the spectrometer chip with microsensors,
such as microfluidic devices, which can be very useful
in lab-on-a-chip applications.

2. Design of the Two-Component Microspectrometer

The concept described has been implemented in the
spectrometer prototype shown schematically in
Fig. 1. It consists of a glass plate mounted on top
of a commercial CCD sensor. The lithographically
fabricated metal pattern on the glass plate inte-
grates diffraction grating and transmission slit,
which is illuminated using an optical fiber. The sphe-
rical mirror collimates light coming through the en-
trance slit and enables direction of the beam to the
grating. The light diffracted in the first order is fo-
cused by the same mirror on the surface of the
CCD chip. The design parameters of the spectro-
meter are pitch of the diffraction grating, focal dis-
tance of the spherical mirror, input numerical

Fig. 1. (Color online) Design of the microspectrometer prototype.
A piece of glass wafer integrating a diffraction grating and a trans-
mission slit is mounted on top of the CCD sensor coverglass. An
optical fiber is used to illuminate the entrance slit, and the dis-
persed spectrum is projected onto a CCD chip. Plane oyz of the co-
ordinate system oxyz lies in the grating plane, and the oy axis
coincides with the direction of the dispersion.
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aperture (NA), operating spectral range, CCD pixel
size, and dimensions of the CCD sensor.
The grating pitch should be minimized to maxi-

mize dispersion (and consequently spectral resolu-
tion), but it cannot be made smaller than twice the
smallest feature size that can be fabricated using
the available lithographic system. In the process
used the smallest feature size was about 0:7–0:8 μm,
which set the grating period to 1:6 μm.
The focal distance of the spherical mirror defines

the largest dimension of the spectrometer. One
can obtain the following formula using the grating
equation:

F ¼ pd × cosðβÞ
δλ : ð1Þ

In Eq. (1) d is the grating period, p is the detector
pixel width over which a spectral bandwidth of
δλ is projected, and β is the angle of diffraction. Ac-
cording to the Nyquist sampling theorem, δλ should
be smaller than 0:5nm to achieve a subnanometer
resolution.
The Sony ICX278AL CCD sensor with 4:75 μm×

5:55 μm pixels has been selected for the spectrometer
prototype because of the relatively small pixel size
and high sensitivity, its low price, and the commer-
cial availability of standard compatible readout
electronics. Note that current technology allows fab-
rication of image sensors with smaller pixels of about
2–3 μm. From Eq. (1), taking into account dimen-
sional constraints and a 4:75 μm pixel width, a focal
distance results:

F ≈
4:75 × 10−3 × 1:6 × 10−3 × 1

5 × 10−10
¼ 15mm:

The input numerical aperture (NA) of the spectro-
meter defines the throughput (or etendue) of the de-
vice and should be maximized to increase sensitivity.
However, since it is a common practice to provide
photonic devices with an optical fiber input, it is use-
less to make the NA larger than the NA of a multi-
mode fiber (typically 0.22). Moreover, the NA of the
spectrometer together with the mirror focal distance
F defines the size of the grating, D, as D ¼ 2F × NA,
and a NA of 0.22 results in a 6:6mm grating. A large
grating implies a large chip area. Themaximum area
of a single chip is limited by various technological as-
pects and also by cost, and that is why compromise is
inevitable. Finally, the NA value has been selected to
be equal to 0.14, which results in a 4:2mm grating.
Due to the very compact size of the spectrometer,

the dimensions of the CCD sensor must be taken into
account in the design. These parameters include chip
area, size of the chip housing, thickness of the sensor
coverglass, and distance from the coverglass to the
surface of the CCD silicon chip. The total number
of pixels along the horizontal direction defined the
operating bandwidth of the spectrometer to be about
350nm. Subsequently the operating range has been

selected to be from λmin ¼ 400nm to λmax ¼ 750nm.
The width of the 6 × 200 μm2 entrance slit is slightly
larger than the diffraction-limited value defined by
NA of the spectrometer as d ¼ λmax=NA. With the se-
lected design parameters the etendue of the spectro-
meter can be calculated as G ¼ π × lslit ×wslit×
NA2 ¼ 7:4 × 10−5 mm2 sr.

For the optical design a ray tracing software, ZE-
MAX [13], has been used. The starting point in the
design process was a modified “W”-type Fastie–Ebert
configuration in which a diffraction grating with
straight grooves was parallel to the image sensor.
Due to the parallel position of the grating the system
symmetry was distorted and the optical performance
was degraded by various optical aberrations. Moving
the entrance slit as close to the CCD imager as is pos-
sible within the sensor package transforms the spec-
trometer configuration into a Littrow arrangement
and reduces spherical aberration and astigmatism.
Subsequently, the structure of the grating grooves
has been optimized to compensate for the remaining
aberrations (mainly coma) as a next step. A diffrac-
tion grating is represented in ZEMAX by a set of
grating coefficients aij, which forms a function
describing a phase added to the diffracted ray as
Pðy; zÞ ¼ mΣ

ij
aijyizj, where m is the diffraction order

and y and z are the coordinates in the grating plane.
The direction of the diffracted ray can be found using
the local grating periods dy ¼ 2πð∂P=∂yÞ−1 and dz ¼
2πð∂P=∂zÞ−1 for the oy and oz axis, respectively [14].
The optimization functionality of ZEMAX was used
to find a set of grating coefficients aij that provides
the smallest possible size of the spectrometer en-
trance slit image at the wavelengths from the spec-
trometer operating range in the oy direction, which is
the direction of the dispersion in the image plane. Si-
multaneous optimization of the mirror position and
grating coefficients completed the design process.
The largest dimension of the device is 14 mm (Fig. 1),
and the size of the glass chip is about 4 × 9mm2. The
width of the entrance slit image produced by the
spectrometer optics when the slit is illuminated with
monochromatic light is about 8 μm according to nu-
merical simulations. This means that the spectral re-
solution is limited mainly by the CCD pixel pitch.

3. Fabrication and Characterization of the
Spectrometer

The chips integrating the diffraction grating and the
entrance slit have been fabricated on a glass wafer
using a simple two-mask process. Optimized grating
coefficients were used to calculate the shape of the
grating grooves. Subsequently, the grooves were in-
cluded in the layout file used in the lithographymask
fabrication. The fabrication process started with the
deposition of 650nm of aluminum on the glass wafer.
The first mask was applied to define grating struc-
tures, and the gratings were plasma etched to yield
120nm deep grooves in the aluminum. The depth of
the grooves was controlled by etching time, and the
variation in depth over the grating is less than 1%.
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Finally, using the second mask, the aluminum was
patterned and etched to define the transparent input
slit and the grating contour. The grooves defined in
the first step were protected during the etching.
Figure 2 shows a scanning electron microscope
photograph of the transparent slit etched in the alu-
minum grating. The processed wafer was diced and
the glass chip was glued on top of the CCD sensor as
shown in Fig. 3. The efficiency of the fabricated grat-
ing was measured using a He–Ne laser to be 31% in
the first order (at 632nm wavelength). The device
was aligned with a spherical mirror and the electro-
nics of a Videology 21K137 camera [15] was em-
ployed for signal readout.
The performance of the spectrometer was charac-

terized experimentally with a Ne lamp as a test light
source. A cleaved tip of a multimode optical fiber was
exposed to the Ne lamp, and the second fiber tip was
aligned to illuminate the entrance slit of the spectro-
meter. The resulting spectral pattern was captured
by the CCD sensor and observed on the computer
screen. The diffraction efficiency of the Al grating
is polarization dependent. However, this dependency
has no practical effect on the spectrometer perfor-
mance, since the light trajectory in the optical system
of the spectrometer does not depend on polarization.
Moreover, the multimode fiber mixes waveguide
modes of different polarizations, providing an unpo-
larized light at the spectrometer input.
The spectrum of a Ne lamp contains a set of mono-

chromatic lines. Each spectral line illuminates a
maximum of two rows of adjacent CCD pixels. The
tolerance for the distance between mirror and CCD
sensor (direction ox in Fig. 1) has been determined to
be about �20 μm. When the mirror position is within
the tolerance bounds, two rows of pixels are illumi-
nated by a spectral line, and the resolution of the
spectrometer is better than 1nm. If the mirror dis-
placement is larger than the specified tolerance,
more than two pixel rows are illuminated, which im-

plies degradation of the resolution by more than 30%
as compared to the best possible value. The move-
ment of the mirror parallel to the image plane (direc-
tion oy in Fig. 1) results in a shift of the spectral
range projected on the CCD sensor, without the sig-
nificant loss of spectral resolution. Quantitatively, a
100 μm displacement of the mirror results in a 20nm
spectral shift. The adjustment of the mirror position
can be used to select a 350nm operating bandwidth
in the range from 400nm to 850nm.

Figure 4(a) presents the spectral pattern of Ne cap-
tured with the CCD camera and a graphical repre-
sentation of the Ne spectrum in the range from
420nm to 470nm. The magnified part of the spec-
trum is shown in Fig. 4(b). The FWHM resolution
of the spectrometer can be estimated from the width
of a single spectral line in Fig. 4 to be approxi-
mately 0:7nm.

Several peaks are marked with the corresponding
measured wavelength values in Fig. 4(b) to identify
them with the Ne spectral lines. The numbers in
brackets are reference values from [16]. The posi-
tions of spectral lines registered by the spectrometer
can be defined with the precision of about 0:3–0:4nm.
This precision is limited by the width of the CCD pix-
el. The level of stray light is lower than 0.2%, which
allows registration of very weak spectral peaks.

4. Conclusions

In conclusion, a highly compact spectrometer provid-
ing a 0:7nm spectral resolution over a 350nm range
has been designed, fabricated, and characterized.
The largest dimension of the optical part is 14mm,

Fig. 2. Scanning electron microscope photograph of a 6 μm trans-
mission entrance slit etched in the aluminum diffraction grating.

Fig. 3. (Color online) Glass chip glued onto the CCD sensor cover-
glass. The optical fiber visible in the top left corner of the photo is
used to illuminate the transparent entrance slit etched in the dif-
fraction grating.
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and the volume is about 0:5 cm3. Such a small volume
is combined with a performance comparable to that
of conventional spectrometers. Overall performance
is usually specified using the etendue–resolving
power product (GR) and employed for the comparison
of different spectrometers. For example, one can
calculate using available datasheets that at the
wavelength of 600nm an Ocean Optics USB2000
spectrometer with a 25 μm × 1000 μmslit, NA ¼ 0:22,
and 1200mm−1 grating [17] has GR ≈ 3:8mm2 sr,
while the Hamamatsu minispectrometer with a
70 μm × 550 μm slit and NA ¼ 0:22 [12] provides
GR ≈ 0:4mm2 sr. The microspectrometer presented
in this article has a smaller etendue–resolving power
product of about 0:063mm2 sr, which is due to the re-
latively small entrance slit and NA ¼ 0:14. However,
the performance of the device can be improved with-
out sacrificing its small dimensions. The spectral re-
solution of the device can be increased in two ways.
The pixel size of the photosensor should be reduced
to provide at least two pixels for the registration of a
monochromatic entrance slit image. At the same
time, a diffraction grating with smaller pitch will
contribute to the higher spectral resolution irrespec-

tive of the photosensor. Numerical simulations de-
monstrate that it is possible to achieve a 0:4nm
resolution with a 6 μm× 400 μm entrance slit and
NA ¼ 0:22, which results in a 0:54mm2 sr eten-
due–resolving power product. Increase in the diffrac-
tion angles results in a larger dimension of the device
along the direction of the dispersion (direction oy in
Fig. 1). However, this dimensional increase does not
exceed 3–4mm, and the largest dimension of the
spectrometer remains defined by the focal distance
of the mirror. In addition to that, it is not practical
to make the grating pitch smaller than about 1 μm,
since the gain in the resolution due to the increased
dispersion would be annihilated by the large off-axis
aberrations of the mirror, which cannot be compen-
sated by the grating design.

Future work is focused on the integration of the
entrance slit, an aberration-correcting grating, and
a customized linear array of long and narrow pixels
on a single silicon chip. In mass production an array
of spherical mirrors can be replicated on a plastic
substrate, which can be subsequently aligned and
bonded to the processed wafer containing spectro-
meter chips. When diced, such a bonded wafer yields
a number of assembled spectrometers.
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