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Abstract—In this paper, we report a novel, miniature Fourier ~cessing [7] that has enabled the real-time discrimination of dif-
transform spectrometer with a linear architecture that works by  ferent spectra. This simple processing also means that the op-
sampling a standing wave. The spectrometer consists of an elec-gration of the spectrometer need not correspond exactly to the

trostatically actuated microelectromechanical mirror with on-res- tandard Fourier t f | th f
onance displacement of up to 65m, a thin-film photodetector, and standard Fourier ranstorm response, as long as the response o

an electrical back plane for actuating the mirror. The integrated the spectrometer is linear in the signal; other forms of linear
device offers mirror stability and fixed relative alignment of the transform are usable. In the present spectrometer, this means

three components. The spectrometer has better than 32-nm reso- that mirror scan need not be linear in time, allowing the use of
lution at 633 nm. a sinusoidal mirror scan. For the same reason, responses other
Index Terms—Fourier transform spectrometers, micro- than an ideal two-beam interference are also quite usable. In
electromechanical devices, microsensors, spectral analysisithe present spectrometer, some Fabry—Pérot behavior can also
spectroscopy, wavelength measurement. be present, though again simple signal processing can deal with
such effects.
|. INTRODUCTION Many devices based on sampling standing waves have been
demonstrated. This class of devices has the advantage of sur-

M ICROELECTROMECHANICAL _ systems  (MEMS) face normal design, which allows the possibility of combining

technology has enableq the m|n|atu,r|zat.|on of sever any units in an array. One of us [8] first proposed a series of
types of spectrometers, including Fabry—Pérot mterferomete(\]ra,ices based on absorbers in a standing wave, ranging from
[1], grating-based spectrometers [2], and Michelson spectro ’

Wévelength monitors [9], [10] to laser tuners. Such structures

eters [3]. Of these designs, only the Michelson is a transforﬁgve also been demonstrated as position sensors [11], and re-
spe.ctrotr)mtar:er. Trkansfc(j)rbm sgectrortnetgrs ?rethu§e]tul (;or medr tly, we demonstrated a transform spectrometer [12] based
sur:?gl ° wee:j ?hn rrc:a tspsc rat ue oThelr url]t' almgrgﬂ sampling a standing wave. In this paper, we will first de-
mdu |ptexmg an t:oug put advan fages. € ml]f IIP i)t(mgcribe the theory of a standing-wave spectrometer, then go into
advan ?gftha”ze? tecatls?l t_many Tr:gq_uenues oth 'g i components that were used to make our proof-of-principle
present at the detector at all imes. 1hiS Increases the dete ?égrated spectrometer, and finally conclude by comparing our
signal-to-noise ratio during the recording of an interferogran o meter with a Michelson interferometer. This new design
Here, we propose and demonstrate a new MEMS transfo mbines a MEMS mirror and a thin-film, semitransparent pho-

spectrometer that is based on sampling a standing wave iPoaetector to make a 1.5-mm-thick spectrometer.

linear architecture. This compact and thin spectrometer design
avoids the beam splitting architecture and the consequent larger
physical size of a Michelson interferometer.

A range of applications exists in which the compact size andA standing wave is an interferogram that is generated by
simple operation of a MEMS transform spectrometer can oube superposition of forward and backward propagating waves.
weigh its coarse spectral resolution. Such applications inclulig. 1 shows a schematic diagram of a standing-wave spectrom-
biochemical analysis, mobile sensing systems, manufacturielgr. We assume for a simplified first analysis that the system
line inspection, and vision systems [4]-[6]. The utility of suchas low loss and no reflections off the detector interfaces. If the
coarse spectrometers has been increased by simple signal fsiwvard wave has an intensity éf, the backward wave has an

intensity of,, the mirror is a perfect conductor, and the phase
_ _ _ ~difference between the two wavesgs= 2*2nvz/c + =, for
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the photodetector. We will make the following simplifying as-
sumptions: 1) the mirror is a perfect conductor (i.e., mirror re-
e flection causes & phase shift); 2) the real index of refraction
of the air gap and detector are the same or there is no reflec-
tion at the detector surfaces (which may be practically achieved
lp—= by antireflection coating); and 3) the imaginary component of
the electric susceptibility is small compared to the real com-

Standing wave Detector Mirror

I}, 4—— ; : : -
ponent. With these assumptions, the magnitude of the incident
backward wave is attenuated by passing through the detector
with no phase shift due to the complex field reflection coeffi-
cient from the interfaces. With monochromatic electric fields of

-7 4l-|
the form
Fig. 1. Schematic of a standing-wave spectrometer and light intensity pattern
whered is the thickness of the detector ands the distance from the mirror to E=E, Cos(gmjt) 4)

the detector.

the forward and backward spatialt-fields inside the detector
with the forward propagating wave to generate a standing waae given by
pattern. Using this type of architecture to generate the two E ) —i(8—i(a/2))= 5
interfering b liminates the need for a b tter. Th 0(2) = Buncoc ©)
interfering beams eliminates the need for a beam splitter. The Fuo(2) = EupeoeTiOi(0/2)z ~(a/2)2d =i ©6)
forward propagating wave corresponds to the fixed arm of a e _ _ _
Michelson interferometer, while the backward propagatingheres = 2rn/, X is the optical wavelengtit;,o is the in-

wave corresponds to the arm with varying optical path lengteidentE-field, » is the real index of refraction anglis the phase
As in the case of a Michelson, the input beam must be colfiifference between the forward and backward waves including

mated with a maximum divergence angle [13] of the phase shift off the mirror as given above.
The amount of power that is absorbed in the detector is equal
g — Amin ) to the time averaged rate-of-change of the work performed by
22max the E-field on the detector’'s material. The power absorbed per

where A, IS the smallest wavelength of interest ang,, is unit volume is

the maximum distance between mirror and detector. W = E a9 P @)
Displacement of the mirror causes the intensity of the abs ot ot
standing wave at a given point to vary. A partially absorbin\%

thin-film detector is placed at a fixed location to sample the o . : : .
. : . . 1S the polarization. Only the imaginary portion piabsorption
standing wave as the mirror is translated. The detector signal, ~. :
gives a nonzero term. Thus, the power absorbed per unit

at a given time is proportional to the integral of the opticeff L
intensityI(z) over the thickness of the detector. volume simplifies to B

Equgtion (1) describes the' intgrferogram for a mgnoghro— Wss (2) = 2mux"eo |Eso(z) + Eyo(2)|? @)
matic light source. To generalize it for a spectrum of light it is . 2 i
necessary to integrate over all frequencies. For simplicity héMi€rée. is the permittivity in air. This leads to a total power
we assume thak, is I; attenuated by—2¢ in which « is the @PSorbed per unit area of

hereE,; is the sum of forward and backward E-fields afd

power absorption coefficient andlis the thickness of the de- L= ¢ Woa(2) d )
tector. The interferograriz) minus the constant optical inten- abs = f TTabs ) eE
sitiesI; and/, is The incident power per unit area is equal to
oo 1 £
drvz A T SN
I(z)—If—Ib:/ —2/1—c—0d5 (v) Cos< 7””) dv (3) fine = 54/ 7 | Emcol™ (10)
0 ¢ ’

where M, is the permeability in air. Wity = 27v,/e,po0x”,

where 5 is the optical intensity spectrum of the incomingpe fractional power absorbed may therefore be calculated as
wave. If we assume;(v) is an even function then it easily

d 2
follows that I(z) — I, — I, is proportional to the Fourier —22° :a/ |Epo(2) + Euw(2)” ).
0

transform of S;(v). Sampling the standing wave the mirror Linc | Eincol”

moves is consequently equivalent to obtaining an interfer- [1— exp(—2ad)  exp(—ad)

ogram using a Michelson spectrometer. We perform more =& o + 3

sophisticated analysis, both algebraically below, and in more 3

detailed calculations using transfer matrix methods [8], [14] - (sin(g) — sin(¢p — 2/3d))}

in Section V, but the basic Fourier transform-like behavior is )

preserved as we do so. _ o |1 exp(=2ad) | exp(—ad)
There are tradeoffs between standing wave fringe visibility L @ B

and detector thickness. To understand these tradeoffs better, we

need to take into account the finite thickness and absorption of - (sin()(1—cos(2fd)) +cos(¢) Sin(%d))} - (A1)
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Fig. 2. Plot of visibility versus normalized detector thicknesgn = 1000
cm~! and the thickness was plotted in unitsdf, wheren is the real part of
the index of refraction.

To understand more clearly how this affects the visibility of the
fringes, let us look more carefully at each term. Fringe visi
bility is conventionally defined aélax — Imin)/finc, Where
I..x and I ;, are the maximum and minimum absorbed in-
tensities, respectively. The first term in the simplified versiot
of (11) is a constant term independent of phase delay betwe
the two beams. It represents the power absorbed through t
passes of the detector. The second term is the interference te
which generates the fringes. For smallmaximum visibility
occurs whertos(23d) = —1, which implies detector thickness ~ Dwtector Bias & Mirmor GMND
of (2m — 1)\/4n wherem is an integer. No visibility occurs ~ Current Amplificr Drrive
when thecos(25d) = 1, which implies detector thickness of
mA/2n. The visibility versus detector thickness far= 633 g 5
nm anda/» = 1000 cnT! is shown in Fig. 2.

Note that the use of finite detector thickness will give a wave-
length dependence to the visibility of fringes, again changing  !ll. SPECTROMETERDESIGN AND CONSTRUCTION

Integrated standing-wave spectrometer.

) . .5-mm miniature standing-wave spectrometer was
pletely suppressed, and this effect should be considered cq{gjicated in separate planar components preceding integration,

fully if large spectral range is required. . as shown schematically in Fig. 3.

For large«, (5) and (6) are no longer valid, because the \,jjeal spectrometer design includes a mirror with large dis-
assumption that the reflection off the detector interface is Zeﬁ?acement moderate drive voltage, high load capacity, planar
no longer holds even if the real refractive index is constaffion and simple fabrication. Given these criteria, we chose

throughout or if a simple antireflection coating is applied tg, electrostatically actuated parallel-plate design with a large

the detector. The reflection_coefﬁcient become_s a finit_e valufgirror surface operating in a sinusoidal mode for large displace-
A full-fledged transfer matrix method [8], [13] is required to

; " ment on resonance.
determine£ o and Eyo. The modified £,y and £y can be
substituted into (11) to determingys /Iinc- It is important to
note, however, that even in the nonideal case of finite detec’[%‘r
thickness and reflection, the standing-wave spectrometeParallel-plate actuators are appropriate for moving a large
still functions as a spectrometer, albeit with a spectral linearirror, which relaxes the optical alignment requirements and
transform that differs from a simple Fourier transform. Aallows for larger beam sizes. The range of motion for typical
mentioned before, simple signal processing [7] can deadrallel-plate actuator devices at moderate voltages is limited
with any particular linear transform to extract the desireecause their mirror membranes are supported in tension. We
information from the spectrum, especially when the goal is ttave developed an architecture that allows the support struc-
recognize some spectral feature rather than make a scientifices to bend rather than stretch. Fig. 4 shows a photograph of
measurement of the conventional spectrum. the front plane and a cross-sectional diagram of the mirror. On

Mirror Design
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Fig. 6. Mechanical model of the mirror system. The eight flexure arms are
represented by eight linear flexure springs in parallel.

Front Plane (ross-Section

{front view) (side view) nitride, gold, and aluminum layers, considering only the bulk
Si; E ~ 190 GPa. A typical mirror hasy ~ 0.4 mm,t ~

Fig. 4. Left: Photograph of the mirror front plane. Right: Side view schematlzc_8 pm, andL ~ 5.9 mm, and thusi ~ 8 N/m. InCIUdmg all

of mirror cross section. Aluminum, silicon nitride, silicon, and gold layer€ight flexures, the totakk ~ 60-70 N/m. The large mass of

comprise the front plane. The back plane has a frame of gold and a gtfte Si pillar behind the reflective center squame~ 2.8 mg

electrode. provides the inertia necessary for large motion on-resonance.

The resonance frequency is given by

‘entrl Square 1)
Frame Central Square Rectangular Flexure K

1

m

Itis measured to be600-700 Hz. Slight variations in flexure
dimensions are caused by variations in the wet etch rate and
mask alignment to the silicon crystal planes during fabrication.

The resonance frequency is also temperature dependent, par-
tially due to the temperature dependence of the silicon modulus
of elasticity. We observe a change in measured resonance fre-
Fig. 5. Mirror front plane, depicting larger mirror motion. The rectangulagluency of roughly 5% over a IC ambient temperature range
flexures deform out of the plane, allowing the central square to move away frefear room temperature. The resonance full-width at half-max-
its equilibrium position. imum (FWHI\/I) is 100 Hz.

) . ) During initial efforts to fabricate long-throw MEMS mirrors
the front plane, the inner square is the reflective surface, Megr similar applications we implemented rectangular flexures
suring 2 mm on a side; the sides of the outer square are 13 \ith a lower aspect ratio and wider arms (~ 1 mm). To
long. T_he four rectangular connecting flexures are the key 1@nieve the same desired resonance frequensy 60—800 Hz,
large displacement of the central square. o this necessitated a much smaller arm thickness {8—20u:m),

Fig. 5 shows the flexure deformation as the mirror is pulledhich increased the probability of mirror fracture in the fabri-
down. The long side of each rectangular flexure bends. The stiffiion process. The current design, with thicker flexure arms,
ness of this structure is lower than that of a comparable St“é?gnificantly increases the yield.

ture built with support flexures in tension. This architecture de- Applying a voltage between the front and back planes causes
creases the effective spring constant, allowing for a larger rang@ inner square on the front plane of the mirror to move because

of motion. of electrostatic attraction. This is countered by the restoring

To obtain large displacement the mirror was driven at réSgsrce from the rectangular flexures. To determine the motion
nance. Scan lengths of up to s have been demonstrated withyt the mirror, we solve the differential equation balancing the

this mirror actuator architecture [15]. Each rectangular flexufg,ces on the mirror front plane. The motion is described by
arm can be modeled as a linear flexure connecting the fixed

outer frame to the reflective center square, as shown in Fig. 6. 0%z b 0z K V2e0A _ 0 14
The spring constarit of each flexure is given by Map TV THET 2Az0+2)2 (14)
k= Ewt® (12) with mirror displacement measured from equilibrium. The
L3 firstterm is the acceleration with mass The second is the fric-

whereF is the modulus of elasticity of the flexure material, tion term whereb is a general friction coefficient. Third is the
is the width of the arm (in the mirror plane)js the thickness first-order restoring force, with spring constaiit Last is the
(normal to the plane), andl is the length. We ignore the thin electrostatic force between two ideal parallel plates for voltage
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V between the plates, common surface ateand equilibrium cantly better guantum and collection efficiency of thicker detec-

separation distancg. ¢ is the permittivity of free space. For ators. The thicker detector decreases the ratio of surface area to

sinusoidal applied voltage with a dc offset, the solution to (14plume, thus, making surface state effects less significant.

is the motion of a driven, damped harmonic oscillator. Thus, The detector was fabricated by LPCVD of 2200 A polysil-

the electrostatic driving force causes the mirror system to deen on a quartz wafer at 62@. The wafer was patterned with

cillate approximately sinusoidally at the driving frequency. Falternating fingers with a %m spacing, and the 100 A of tita-

the mirror described above, with ~ 60 zm and mirror drive nium, 300 A of nickel, and 2000 A of gold was lifted off. A 13

voltageV,,, ~ 71V, atotal scan length of 13;4n was observed. x 13 mm gold frame was patterned on the back side of the de-
The measured motion is nearly sinusoidal with slight deviector, and the quartz wafer was etched in 6 : 1 BOE to provide

ations due to the asymmetric electrostatic driving force. Thudearance for the mirror motion.

the displacement versus time is approximately Polysilicon is used as the optically absorbing material. Ohmic
S metal-semiconductor contacts are used to extract photocurrent
2(t) = 5 cos(2m ft) (15) from the 1x 1 mm active area. The thin-film detector has a

—3 dB rolloff at 5 kHz, which diminishes the amplitude of the
where f is the drive frequency, chosen to be the mechanidcaterference fringes at high frequencies. This places an upper
resonance frequency of the mirror actuator, & the scan bound on the useful mirror scan length and the spectral resolu-
length for a given drive voltage. tion of the device. For measurement of an interferogram with

Structural asymmetry in the mirror front plane, including siz40-kHz frequency components, the responsivity~s pA/W
or shape variations among the four rectangular flexures, caith 35-V applied bias. The responsivity of the detector could be
cause the reflective surface to deviate from parallel motion. Thieproved by making the metal fingers with a transparent mate-
yields slight angular deflection of the reflected beam, whicdhal and adding an antireflection coating to the detector surface.
decreases the overlap of the forward and reflected beam, anth principle, any optically absorbing material can be used for
thus, the amplitude of the standing wave sampled at the plibe detector, thus allowing for different wavelength regimes and
todetector. Care during fabrication to align the wafer to the crygetentially better frequency response. The detector must either
talline planes and a design that avoids extremely small flexunave a transparent substrate in the wavelength range of interest
arms minimizes this effect. or the substrate may be removed and the detector bonded to a
To fabricate the mirror, we depositedl m of low stress transparent substrate. Direct bandgap materials, such as GaAs or
silicon nitride by low-pressure chemical vapor depositiomP may have faster response and larger absorption coefficients
(LPCVD) onto both sides of a double side polishétD0  than silicon.
silicon wafer. The 50Q:m-thick wafer was patterned with
photoresist on the front using the mask pattern shown @ Integrated Spectrometer Fabrication

Fig. 6. The back side was patterned with a m.a.f,k containingrpq wafer planes were integrated by first electroplatipgrs
only the frame and the central square. The nitride was thgpingium on both the mirror back plane and the detector gold
removed from the exposed areas by a plasma dry etch, afighne The three components were then aligned with the mirror
which the wafer was placed in a 7& bath of 20% potassium p4 ¢y plane on the bottom, the moving mirror in the middle, and
hydroxide to etch the exposed silicon until 28n remained ¢ getector on the top. The wafer stack was heated t¢ €90
on the flexures. The electrode surface side of the wafer W&Smelt the indium, and pressure was applied. Epoxy was ap-
cqated with 100 A of chromg and then 2000 A of gold. Thﬁlied around the edges of the integrated device to add mechan-
mirror surface was coated with 2000 A of aluminum for high. strength. Electrical leads were soldered onto the two de-
reflectivity in the visible spectrum. _ _tector electrodes, the moving mirror electrode, and the back
The mirror back plane was fabricated from an insulating,ne electrode. Finally, the integrated package was bonded with
quartz substrate. 100 A of chrome and 2000 A of gold were f'réboxy to a 1-in aluminum round for mounting in a standard op-
deposited on the substrate. The metal layers were patterngd; oyt Fig. 7 shows the integrated spectrometer. This de-

leaving a frame of gold to support thg mirror front pIang. Th&ign has a spacer thickness of 488 and a maximum displace-
exposed quartz was then etched 80 with 6 : 1 buffered oxide o of-.13 um. This requires that the divergence angle of the

etch (BOE), leaving space for mirror displacement. Finally, ifiput light be no more than 0.025 radians.
center metal electrode was patterned to electrostatically attract

the center pillar on the back of the mirror front plane. IV.  EXPERIMENTAL RESULTS
) o The integrated mirror is actuated by applying a voltage be-

B. Fixed Thin-Film Photodetector tween the back plane electrode and the gold-coated back of the

The thin-film photodetector, mounted in front of the mirromirror center square, while the frame is held fixed. The ca-
front plane, must transmit a significant fraction of the inpypacitance of this parallel-plate system is 2.6 pF. Driven with a
light to allow a standing wave of sufficient intensity. Howevertic-offset sinusoid on-resonance at 593 Hz with ~ 71 V, the
it must also absorb enough of the light to generate measurafsieror moves harmonically with a total scan length of 1317.
photocurrent. Given the analysis in Section Il and the materighe high scan rate enables continuous spectral analysis. The
properties of silicon, the detector thickness was chosen to feckaging helps dampen external vibrations that could couple
5\/4n = 2200 A atA = 633 nm. We chose to operate at théo the moving mirror, and helps suppress the effect of air fluctu-
third peak in Fig. 2 instead of the first, because of the signifations. The packaging of all three planar components also guar-
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Fig. 7. The standing-wave spectrometer is shown mounted to a aluminum
in round. The three wafer planes are visible. The back plane is slightly large
than the mirror to allow for leads. The detectors were fabricated in arrays ar

the center one was used for the spectrometer. 14 16 18

20
Wavenumber (10° cm™)

1.2 . . . Fig. 9. Optical spectrum of 633 nm; 665-nm mixed spectrum.
| Actual Signal
% 1o _Calcjlatec’ Slgnal; ! : . case of a Fabry—Pérot cavity with a varying air gap because of
%) | p " "\ | ] the reflections off the polysilicon—air interface and the polysil-
5 08} | 'E | 1 icon—quartz interface. Also, in our device, there was a slight
8 i M iy A 1 tilt between the detector and the mirror. This diminishes the
a0 f h ¥ :‘. e 7 Fabry—Pérot effect and the measured curve is quasi-sinusoidal.
s 0 h " i n To approach the case of an ideal standing wave cavity, the de-
% 0.4 *.‘ , ' ! ‘.‘ ! o ' tector must be antireflection coated on both sides to minimize
£ o2l ’,' ‘\\ '.‘ \\ ; \\ ’.‘ \\ ] the Fabry—Pérot effects and to get the full benefits of the mul-
2 \ o ,, 4’3 ] g L4 ] tiplexing and throughput _advantages. The f|n|tg frequency_ re-
sponse of the detector will also tend to result in a more sinu-
005 ' 05 ' 70 ' 15 soidal response with the detector unable to respond to the higher

frequency components associated with the sharper Fabry—Pérot

peaks. The absence of strong Fabry—Pérot effects in the actual

Fig. 8. The solid line is the measured data versus mirror displacemergcorded interferogram makes the response closer to that of a

e e e, SPocement versus caieihple Fourier ransform spectrometer. |
Fig. 9 shows the spectrum calculated by taking the Fourier

. _ transform of an interferogram recorded as a function of mirror

antees alignment of the back plane electrode with the mOV'Bgsition for an input signal consisting of a combined laser diode

mirror center square, and more importantly, positional and Sam (665 nm at 399W) and HeNe beam (633 nm at 200
gular alignment of the photodetector absorbing area with t/ﬁN). A significant portion of the diode laser power could not

moving mirror reflective surfa_ce. . . . be coupled into the spectrometer because of the elliptical beam
The detector photocurrent is measured via a high-pass fl|g?,|”

. _ ape. The unequal peak heights in Fig. 9 correspond to dif-
W't.h. _B.dB roI_Ioff at 10 kHz to f||tgr dc dark C“Tre“t and Palterent absorbed power levels. Using the 633-nm source to cali-
asitic mirror drive feed-through noise. A low-noise current a

lf id in of 5 107 V/A which is | h MBrate the spectrometer, the 665-nm source is correctly identified
pIMer provides gain ot ox » Which Is large enough to 54| discriminated, yielding a spectral resolution of 32 nm,

accommodate the signal attenuation due to interferogram f5§'724 cnT. The FWHM of the 633-nm peak is 549 cthand
quencies well beyond the detector rolloff. The interferogram fRe FWHM 'Of the 665 peak is 724 cmh. The two peaks are

sampled by a digital oscilloscope and transferred to a COMPULEL: the same width as would be expected for a fixed mirror dis-
The “current versus time” curve is mapped to a “current vers

. . Y . . ISWfacement, because the two beams are not perfectly collinear.
mirror displacement” curve, accounting for the nonlinear mirr

tion. Finall di te Fourier t ‘ ields th i he widths of the peaks are greater than the width of the ideal
;r;;grnu.mma y, a discrete Fourier transform yields the optic@l, 1nction and the side lobes are smaller, because the nonpar-

. . . allel motion of the mirror causes an apodization of the standing
The solid line in Fig. 8 shows the detector signal versus mirrgr. e signal

displacement for a single wavelength (633 nm). The signal is

not a pure sinusoid as would be expected from the interfer-

ence equation of a standing wave. A transfer matrix method V. COMPARISON TOMICHELSON INTERFEROMETER

[8], [13] was used to model the dielectric stack that representsA standing-wave spectrometer differs fundamentally from a
the detector, the air gap, and the aluminum mirror surface.Michelson interferometer in two respects. First, the ability to
plot of the calculated detector signal versus mirror displacemeaneasure spectra of low coherence length light is limited by the
is shown as a dotted line in Fig. 8. The graph resembles tmnimum distance that can be achieved between the mirror and

Mirror Displacement (um)
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the detector. Second, the detector is only partially absorbin
which leads to a tradeoff between fringe visibility and the wave T sibility (V)
length-multiplexing figure of merit. M

The minimum distance that can be achieved between tt 08
detector and the mirror determines the lowest coherence leng
light that can be measured. Hence, the distance between 1 =g
mirror and the detector can be engineered to suppress unwan
low coherence length light. In our spectrometer design th
minimum distance between the detector and the mirror i
~490 zm at the point of closest approach. This is similar tc
a Michelson with arms that differ in length by a minimum
of ~490 um. Therefore, spectral components with coherenc
lengths less than 98@m are not resolved. This correspondstc oob~ilvr o o oern v v nin L 0 o
only resolving spectral components withy < 3 x 101! Hz 10° 0 10°
(10 cnmt) or AX < 0.4 nm at 633 nm. This design tradeoff is a(cm’)
not significant for applications involving the detection of Sharpig. 10. Figures of merify” andM (left axis), and optimal detector thickness
spectral features. Decreasing the initial distance between thgnt axis) versus power absorption coefficient.
mirror and detector would allow detection of light with lower

coherence length. . . effects. Complex phase shifts at the detector form reflections
The second tradeoff is more complex and is a consequente: .ot be ignored

of the partially absorbing thin detector. If the detector absorbSFabry—Pérot spectrometers do not offer the wavelength-mul-

all the light on t.he f|rst. pass, no standing wave is createq. (R lexing advantage of the standing wave design. At each par-
the other hand, if very little light is absorbed, the detector sig ular mirror spacing, there is only one narrow frequency range
strength becomes unacceptably weak. that is absorbed by the detector. Thus, for a Fabry—Pérot filter,

To understand the consequences of this tradeoff, a rigorosis smajl, which contributes to the fall ff for large absorp-
transfer matrix method [8], [13] was used to explore the fundgg, coefficients in Fig. 10.

mental limits of the standing-wave spectrometer. To representry,q peak valug\l ~ 0.6 occurs atv ~ 106 cm~! where

an ideal case, we assume, first of all, that the real index of igg \isibility v is 96%. This operating point corresponds to a
fraction is constant everywhere in the devige € 3.5). FOr  gjnqie nass power absorption of 60%. The visibility is slightly
the purposes of this analysis, this is equivalent to assuming thals than that of a Michelson, b is greater. This is because
perfect)/4 antireflection coatings are applied to the detectfe getector signal versus mirror displacement curve has the

surfaces. Second, the detector is assumed to be the only lgggy, cos?(z) for small complex reflections. In practice, it is dif-
element in the system. Finally, we performed our calculatiogs it to find materials that have ~ 106 cm-!. so it is neces-

atA = 633 nm. . _ sary to settle for smaller fringe visibility antd/.

To compare the standing-wave spectrometer to a Michelsonthe area underneath the interferogram only partially
we define two figures of merit. The first is the fringe visibilityjescribes the wavelength-multiplexing advantage of the
V' = (Imax = Lmin)/finc. In the Michelson casé/ = 1. The standing-wave spectrometer, because the optimum detector
second figure of merifi/ characterizes the wavelength-multithickness is frequency dependent. These calculations show,
plexing advantage of the standing wave design. Itis proportionght compared to a Michelson interferometer, there is no major
to the fraction of incident photons that contribute to usable dgzgeoff in a standing-wave spectrometer, except the inherent
tector signal during one scanning period. This figure of merit j&nuniform wavelength response. In practice, with antireflec-

1.0 — — 60

1
w P o
=1 =] o

S
Detector thickness (nm)

0.2

-
o

equal to the area under the interferogram, given by tion coated detector surfaces and an absorbing material where
a ~ 10° cm™! it would be possible to havk” ~ 65% and
1 (% 1(2) = LInin M ~ 38%.
— ———dz 16
L /0 Iinc ¢ ( )

VI. CONCLUSION

whereL = A/(2n) is one period of the monochromatic interfer- We have demonstrated a miniaturized spectrometer using
ogram. In a Michelson interferometer, the fringes are sinusoidal,linear architecture that permits many individual units to
soM =1/2. be laid out in a two-dimensional array format, allowing the
Fig. 10 (right axis) shows the detector thickness required possibility of an imaging array of spectrometers. Our integrated
optimize the fringe visibility for a given absorption coefficientstanding-wave spectrometer obtained 32-nm resolution=at
«. For small absorption, the optimal detector thicknesg/ig.. 665 nm. This compact, stable design is composed of three
As « increases the optimum detector thickness decreases. Planar components that can be separately fabricated with dif-
left axis shows the figures of mefit (visibility) and M for the ferent materials, in principle accommodating any wavelength
optimized detector thickness versus absorption coefficient. Agnge of interest. We have also shown that it should be possible
shown in the figure, it is possible to achieve a fringe visibility ofo design the standing-wave spectrometer, so that its efficiency
one for largex. However, this result is only due to Fabry—Péras comparable to that of a Michelson spectrometer.
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