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Abstract: Mid-infrared detectors that are sensitive onlyaiunable narrow spectral band
are presented. They are based on the Resonany Eavianced Detector (RCED) principle
and employing a thin active region using IV-VI rargap semiconductor layers. A Fabry-
Pérot cavity is formed by two mirrors. The actiagdr is grown onto one mirror, while the
second mirror can be displaced. This changes thigydangth thus shifting the resonances
where the detector is sensitive. Using electrastflyi actuated MEMS micromirrors, a very
compact tunable detector system has been fabridstiecor movements of more thanu3n

at 30V are obtained. With these mirrors, detectats a wavelength tuning range of about
0.7 um have been realized. Single detectors can be usednid-infrared micro
spectrometers, while a detector arrangement inray makes it possible to realize Adaptive
Focal Plane Arrays (AFPA).
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1. Introduction

Tunable Resonant Cavity Enhanced Detectors (RCH®Y @ne to realize compact spectrometers
in the mid-infrared (mid-IR) spectral range [1].€lpbhotodetector is placed inside a Fabry-Pérotycavi
Incoming radiation is reflected multiple times withhe cavity and a standing wave pattern form& Th
detector is highly sensitive almost exclusivelytlabse resonances. The peak wavelengths of the
resonances depend on the distance between theitwarsmof the cavity. Displacing one of the cavity
mirrors changes the cavity length and thus the plesi&ction wavelengths. The mirror displacement
can be achieved with an external piezo-actuatedomif2] or an integrated Micro-Electronic-
Mechanical System (MEMS) micromirror [3, 4]. Mid-IRCED with a fixed cavity length have already
been reported [5].

With an integrated MEMS mirror, a very compact deie system can be built. Figure 1 shows a
schematic representation of such an integrateterCED. The device can be divided in two parts:
a lower part with the detector containing the fiXedtributed Bragg Reflector (DBR) and the p-n
photo diode and the upper part with the movable Ns&Kirror.

The DBR consists of few quarter wavelength layarspaith alternating high and low refractive
index layers grown by molecular beam epitaxy. They fabricated using lead chalcogenide (IV-VI
narrow gap semiconductor) materials and EuTe fgin bind low index respectively. The index contrast
is very high, resulting in near 100% reflectivitythva few quarter wavelength pairs over a broad
spectral band. The active region is formed by &p&y—ri (PbSrTe:Bi) heterojunction grown on the
DBR. In order to select one detection resonancg, @PbSrTe buffer layer is included. Due to its
alloying the cut-off is shifted towards shorter whangths which are absorbed, while being transparen
for the design wavelengths. The tunable rangedgefbre confined by the cut-off wavelength of the
buffer and the cut-off of the photodiode [5].

The upper part contains the movable MEMS structliires. fabricated in the highly doped device
layer of an SOI wafer and bonded anodically toasglwafer, where the actuation counter electrodes
are placed. A reflective gold coating evaporatedhensuspended silicon membrane serves as mirror.
The detector including mirrors, electrostatic attraand the optical cavity has a thickness of only
about 30um.

Figure 1. Tunable RCED working principle. Left: cross sewotiith micromirror
(upper part) and detector (lower part). Right: ¥ogw showing micromirror and mirror
suspensions.
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The width of the resonance peaks is determinedéydflectance of the mirrors and the absorption
within the cavity (the finesse of the cavity), aslivas the order of the resonance [1]. The detexntber
configuration is chosen by the initial distancetbé movable mirror, additionally limited by the
material within the cavity. In Figure 2 the simubat of the response of a RCED with a similar setsp
presented below for the detector employing the caimze actuated micromirror (R~ 90%, R =
99%, reduced absorber thickness) is shown. With ¢binfiguration, a single detection peak can be
obtained and the detection wavelength can be dhiften 4.6um to 5.5um for a mirror movement
range of 2um. With the simulation the strength of the tundRI@ED principle becomes apparent; the
cavity effect allows both field enhancement anthatsame time to shift the detected wavelengths.

Figure 2: Detector quantum efficiency simulated for perpeunftdir incident radiation at
100 K using the transfer matrix method. Displading movable MEMS mirror allows
changing the air cavity length and thus the detectvavelength. At a certain mirror
position, the detector is sensitive at a singleravarwavelength band only. Shorter
wavelengths are absorbed in a buffer layer whilegés wavelengths are above the
designed cut-off of the diode.
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2. Movable MEM S Mirrors

For a displacement range of aboutr@ of the movable micromirror different actuationthals can
be applied. Realized detector systems are presersieg piezoelectric actuation [2], electrostatic
actuation in a parallel plate configuration [6] agldctrostatic actuation in a comb drive configiorat
[4]. Integration of the detector and the mirroh&eby possible in a much higher degree for the IBEM
micromirrors than for the piezoelectrically actuhteicromirrors.

2.1. Parallel Plate Electrostatic Actuation

The fabrication of a micromirror actuated by pasialplate electrostatic actuators is based on a
process using Silicon on Insulator wafers (SOI, iPevayer 20um/Buried Oxide Layer 44am/Handle
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Layer 300um) as shown in Figure 3. The highly doped devigeras structured in two steps by Deep
Reactive lon Etching (DRIE). The first etch step-@Dum defines the electrostatic actuation gap. The
second etch step defines the mirror and the susperisgs in the remaining device layer. The
structured SOI wafer is bonded anodically to agiaafer containing the aluminum counter electrodes.
The wafers are then diced and for the individualicks, the handle and the buried oxide layer are
removed by dry etching. A reflective gold coatisghen evaporated onto the movable mirror using a
shadow mask and integration with the detector fedldws, resulting in the complete tunable RCED
device as shown in Figure 1.

Figure 3. Tunable RCED fabrication process: two successiMeos DRIE steps to
form a) the electrostatic actuation gap and b)rteor and suspension. Glass wafer
preparation with counter electrodes and c) anodiing, followed by d) dicing and e)
handle layer and buried oxide removal. f) Refleztigoating deposition and Q)
integration with the detector part, resulting ire tbomplete tunable RCED device as
shown in Figure 1.
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The displacement of the micromirror depends quardift on the applied voltage. The suspension
geometry defines the elastic constant and thusypipiied voltage needed for a certain displacement.
Finite element simulations show, that for a minoth a thickness of &m, a size of 40Qum x 400
um, and a total length of the folded suspension33X0lum, an actuation voltage of about 30 V is
needed to obtain a displacement qir8. The fabricated mirrors show displacements ofartban 2
um, using actuation voltages below 30 V (FigureHwever, the experimental results differ slightly
from the simulated ones. One reason for this diffee are the thickness variations of the mirror
samples batch fabricated on one wafer due to thctdion process. The plot in Figure 4 shows, that
the displacements of the measured micromirrorsviiein bounds given by thickness variations of 1
um around the intended thickness qird. Thickness variations over one single micromia@ given
by the second DRIE step and lie in the order ofhteri nanometers over a 4@@n x 400um mirror
device. Secondly, the mirrors suffered from curvatdue to released internal stresses, resultiragin
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initial mirror center displacementy dvithout applied voltage. The initial mirror elei@at dy was
measured to be maximum abouir8 in the mirror center over the total mirror len@®0um), which
corresponds to a radius of curvature of about h18&he curvature was observed directly after releas
of the device, before applying the reflective cogtiThe deposit of a reflective gold coating with a
thickness of 60 nm on the @m thick silicon mirror membrane does not change ¢bevature
significantly. We thus believe, that these interstaésses are due to the thermal treatment dunmg t
bond process and to initial residual stresses e dbvice layer of the SOI wafer. Temperature
adjustments during the anodic bonding processjffaests increase of the mirror membrane or the
deposit of a metal layer of adequate thicknesshanmirror are possible strategies to reduce or
compensate the curvature in a next generation. ishaé importance in order to increase the optical
performance of the detector system, as the cuvakegrades the finesse of the optical cavity.

Figure 4. Finite Element simulations (lines) and measureméortdifferent gold coated
devices (data points) of the mirror displacementayplied voltage on the electrostatic
actuators. Mirror square length lis= 400 um and thickness about= 9 um. The
differences are due to variations in thicknessdiffdrent initial displacementsd
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The displacements measured characterize the statior position for an applied voltage. With
mechanical resonances in vertical direction howetlee micromirrors can be used in a resonant
operating mode in a tunable RCED, an adequate uneadechanism provided. Other mode shapes
could moreover be of interest for various applmasi, such as tilting mirrors for bar code readers o
displaying applications. The micromirror dynamiojperties at atmospheric pressure with electrostatic
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actuation of the devices are depicted in Figuréhg measured curve shows the frequency response to
an applied periodic chirp signal of 30 V amplitugerformed on a device with 4Q0n x 400um
mirror size, suspension length 13Wth and a thickness of @n. The figure illustrates the resonant
mode shapes and the frequencies which they appedWith the measurement setup used, only
movements in vertical direction were characteriZBuoe frequencies of the resonance modes with a
movement in vertical direction were measured amdpared to the frequency analysis results obtained
from the Finite Element Model. The numbering of taeonant modes corresponds to their appearance
with increasing frequency in the FEM simulationfieTresonance modes obtained from simulations
appear in the same sequence as the measured onlest sach measured vertical mode could be
identified and assigned to a vertical mode obtaifneth the simulation results. However, simulated
frequencies were typically some per cent higheicwis probably due to the fact that the FEM model
did not take into account squeeze-film air dampeffgcts in the actuation gap. The resonance mode
pairs 2/3, 8/9 and 13/14 appeared at single fregje@gsmue to the mirror design symmetry.

Figure 5: Measurements of the mirror resonance frequencied schematic
representation of the different resonance modesredd from the Finite Element Model
frequency analysis. The modes which are not reptedewere not measured as their
movement lies in the mirror plane.
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2.1. Comb-Drive Actuation

An alternative to the parallel plate electrostadictuation is a vertically actuated comb-drive
mechanism. The comb drives are hereby fabricattiteimlevice layer of a SOl wafer (Device Layer 20
um/Buried Oxide Layer 4m/Handle Layer 30@m). The thickness of the suspension beams and the
actuation combs attached to the mirror differs fitwn thickness of the mirror and the fixed combhbs. |
this way, the mirror plate can be fabricated muiffies than the suspensions. Deformations due to
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internal stresses and due to the actuation arelyriaduced into the suspension and not into theanir
plate in such a configuration. This has the adwgt#hat the mirror surface curvature is drastycall
reduced. The actuation mechanism is based on ghenastry of the electric field which builds up
when an actuation voltage between the movable maombs and the fixed combs is applied. The
electric field causes the movable (low height) centdomove vertically towards the center of the dixe
(high height) combs. Figure 6 shows a SEM image fatbricated micromirror, where the separation of
the low height combs (dark) from the high heighinbs (bright) is visible. The realization of such
vertically moving comb drive actuated micromirrdras been achieved with a delay mask process
based on a fabrication process presented by Mball [7]. Mirrors with geometries comparable to the
parallel plate actuated micromirror with mirror agel length = 300um and| = 400um have been
realized.

Figure 6: SEM images of fabricated comb-drive actuated nménmrs. Left: overview
of a fabricated micromirror. Right: Close-up combsd suspensions. The lower
suspensions and combs on the mirror appear in (iask height), while the elevated
regions of the mirror surface and fixed combs appaght (high height).
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Displacements of 2.am with an actuation voltage of 30V have been meabsas predicted by
Finite Element simulations as shown in Figure 7e ®imulation results were obtained by first
calculating the electrostatic energy for a certhgplacement of the micromirror and then deriving t
energy with respect to the displacement in ordeolitain the electrostatic force necessary for the
displacement. In an equilibrium position, the alestatic force has to be equal to the mechanicakfo
of the spring. Solving this system allows to obt#we displacement as a function of the applied
voltage. For the single crystalline silicon an ottbpic elastic material was assumed. The mirror
square length is= 400um, comb drive finger gap is @8n, finger width 2um, length 100 (120)m,
suspension width 10 (sm and length 780 (134@m for the straight (folded) suspension.
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Figure 7. Simulations and measurements of mirror displacésnien actuation voltages
applied at all comb drives simultaneously. The migancies between the theoretical
and measured curve have their origin in thicknessations of the suspensions due to

the fabrication process.
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In order to account for a non parallel alignmenttteg movable mirror with respect to the DBR
mirror, the movable mirror can be tilted by apptyidifferent voltages to the different comb drivBy.
applying a voltage difference on two opposite codityves while keeping the other comb drives
grounded, a total angle variation of 0.23 degresslieen achieved as shown in Figure 8. This would
compensate a thickness variation of the SUS8 laj@ipao 30um over the 7 mm wide spacer layer.
This is far above the usually encountered thickmasmtions in such thin films which use to be well
below 1pm.

Figure 8: Mirror tilting by applying a potential differendeetween two opposite comb drives.

0.1 w
» § ¢ 3
- i
5 0 ¢
&
s, 23
[5)
&
= -0.1 %
E :
|
Suspension Geometry
-0.2

0 5 10 15 20 25 30
Actuation Voltage [V]

Due to the fabrication process and in contrashéparallel plate actuated micromirror, the comb
drive actuated micromirror exhibits after releassuevature towards the diode. Radius of curvatdire o
the micromirror is about 1.2 m with a roughnes& oim (root mean square, corrected for the spherical
bow). The thickness variations for these micromgrare minimal as they are given by the polishing
step by the manufacturer of the SOI wafer.
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The first two mechanical resonance modes with #icadrmovement for the comb drive actuated
micromirrors lie below 100 kHz and show a paraftefror movement and a tilting movement, similar
to the first two modes of the parallel plate actdatmicromirror. These mechanical resonance modes
depend strongly on the geometry of the mirror amel suspensions, whereby the thickness of the
suspensions has a major influence. Resonance freigsecan be designed around 10 kHz for the
vertical parallel mirror movement.

3. Fixed mirror and detector

On the detector side, a fixed mirror, the activeddi with an antireflective coating and a transparen
contact are grown onto a Si (111) substrate. Thedfmirror of the tunable RCED is formed by a DBR
with up to 1.5 pairs of alternating layers with mi¢Pky ooSto01Te, N ~ 6) and low (EuTe, n ~ 2.4)
refractive indices. With the high contrast in refrae index, 1.5 pairs mirror reflectivity is abo98%
for wavelengths from 4m to 6 um. The mirror is followed by a @m buffer layer PkosSro.oiTe,
which absorbs wavelengths below 4 (100 K) in order to select a single detectionkpda a
second configuration used with the Comb Drive, bldfer layer was grown first, followed by the
DBR, for a reduced cavity length. The active regmformed by a p(PbTe){PbSrTe:Bi) diode. Te
excess accounts for p-type semiconductor whiledpiry ensures’ntype conductivity. The absorbing
layer is only 0.3 um thin. When compared to a lpiiktodetector, the thin layer has a reduced volume
where noise due to Shockley-Read generation anoimt@oation of charge carriers can originate,
which results in a drastically increased sensitioitthe device [2]. The Te transparent contactiess
the " side diode contact and an anti-reflective F&ating on top minimizes unwanted reflections at
the diode / air gap interface. A p-n junction witlansparent contacts has to be used for tunable
detectors, while, in contrast, a metal as parthef ghotovoltaic detector and acting as a mirror was
employed in the RCED with a fixed cavity length.[She schematics of the detector part are shown in
Figure 9.

Figure 9: Detailed schematic representation of the detquar layout as shown in the

lower part of Figure 1, including the DistributedaBg Reflector (DBR), the buffer layer
and the photosensitive diode.
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4. Tunable Mid-Infrared Detector Results and Discussion

Tunable detectors for the mid-infrared have beealized with three different actuation
mechanisms: With a mirror mounted on an externe¢giactuator and with electrostatically actuated
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MEMS micromirrors in a parallel plate configuratiand in a comb drive configuration. In Table 1 the
characteristics of each setup are compared. taa#s the top gold mirror had a reflectance of ~99%

The measured spectral detector response for diff@uation voltages, corresponding to different
movable mirror positions, is shown in Figure 10 éach tunable detector type. The recorded signals
show that the detection signal can be tuned imgedetween 4.bm and 5.3um, depending on the
actuation type and configuration of the lower d&tegart. Absolute quantum efficiency was not
measured; however previous reported monolithic R€kRbited a quantum efficiency of 35% [5].

As the MEMS parallel plate actuated mirror movesyafvom the DBR, the air gap increases and
the detection wavelength is shifted to longer wewgths. For the piezo-actuated mirror and the comb
drive actuated MEMS mirror, the movement towardsEBR, the air gap decreases and the detection
wavelength is shifted to shorter wavelengths.

The detection peaks of the piezo-actuated mirrerodra rather regular shape. Due to the advanced
technological process needed for fabrication, theeaed signals for the MEMS mirrors are less
regular. Eventual mirror plate defects like curvataf the mirror plate, mirror surface roughnesd an
departure from parallelism to the DBR mirror maygi@ele the cavity. In case of the MEMS setups, a
slight misalignment of the actuated mirror and bé treflective coating further deteriorate the
resonance peak. Besides an increased peak widthasmisalignment produces a secondary unwanted
resonance which is independent of the mirror pmsitiThe curves shown in Figure 10 c) were
corrected for this particular background by suliingcthe response of the secondary cavity. The
correction has no influence on the already detatéar peak width.

The detectors were characterized at operating texyyes between 90 K and 135 K (The detectors
can be used up to > 220K or even RT). Du to theptature dependent bandgaps of the photodiode
and the buffer layer, the tunable region is shif@dntrary to most other semiconductors, the clit-of
wavelengths of lead salts increase with decredsimgerature.

Figure 10: Measured spectral responses for micromirrors teduaith (a) piezoelectric
actuators, (b) parallel plate electrostatic actisatand (c) comb drive actuators for
different actuation voltages corresponding to défe positions of the movable mirror.
The tuning range of the detectors depends on fhialiair gap between the movable
mirror and the diode and on the mirror displacem&hée detection peak irregularity for
the MEMS micromirrors is due to a reduced finedsth® cavity.
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The characteristics for the different detectorsrapgesented in Table 1. With the integrated MEMS
actuated versions, the air gap can be drasticatiyaed. This leads to a lower order configuratibn o
the detector, resulting in an increased free sple@nge. The initial air gap distance can be chdse
a single detector during the process by adjustig3U8 spacer layer thickness. The large optical
cavity length in the first two setups is due to théfer layer being within the cavity. Originally
necessary for improved crystal quality of the aetawyer, it can now be grown outside of the cadiig
to advances in crystal growth.

There are distinct variations in FWHM. For the Bisetup, the limiting factor is the fine tuning of
the parallelism of the two mirrors. The increasadHM of the MEMS micromirrors on the other
hand, especially of the Comb Drive sample, is nyadalused by a misalignment of the gold layer on
the micromirror, as well as a misalignment of thieron and the diode. This is a technological issue
which can be solved by slight changes in procesklitlonally the finesse and therefore the FWHM
depends on the absorption within the cavity.

Table 1. Characteristic data for detectors using piezoaan or MEMS electrostatic
actuation in a parallel plate or comb drive confggion as tuning actuation mechanisms.

Piezo- MEMS MEMS

Actuation Parallel Plate | Comb Drive
Approximately DBR Reflectance 80% 80% 90%
Calculated Finesse (w/o absorber 10 (27) 10 (27 3 (5b)
FWHM &% [nm] (SA/A) ~75 (1.5%) | ~100 (1.9%)|  ~150 (3%
Maximum Tuning Voltage [V] 128 25 62
Maximum Displacementum] 6 4.5 2.5
Optical Cavity Lengthyim] 44 - 50 28.5- 33 145-17
Minimum Air Gap um] 20 4 10
Tuning Range\A [um] 455 -4.85 4.85-5.15 4.7 -5.4
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5. Conclusions

The first tunable Resonant Cavity Enhanced Detscfor the mid-infrared spectral range are
reported. The fabricated devices show tuning rarfiges 4.6 um to 5.3um at 90K. Due to the low
noise, the devices can be operated at temperatypeto 250K, which can be achieved with
thermoelectric cooling. With an improved desigrthe presented detector system, a tuning range from
4 um to 5.5um is possible. Furthermore, by improving the cavitgsse, for example with an even
thinner absorbing layer, the detector spectral Wadfiti can be reduced.

Especially advantageous in the RCED configuratiemgared to a passive band-pass filter in front
of a conventional broadband photodetector [8] esrduced noise. This is due to the very thin activ
detector layer (0.3um) generating less noise, while the high opticénsity due to the resonance
effect in the optical cavity still yields very higiluantum efficiency.

These detector systems can then be used for mizeduspectroscopy systems, hyperspectral
imaging or thermography applications.
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