View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Caltech Authors - Main

Microfabrication of silicon—nitride micromesh bolometric detectors
for planck high frequency instrument

Minhee Yun,® Jamie Bock, Warren Holmes, Tim Koch, Jerry Mulder, Richard P. Vasquez,
and Larry Wild
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109

Andrew Lange
Department of Physics, California Institute of Technology, Pasadena, California 91125

(Received 11 November 2002; accepted 24 November 2003; published 23 January 2004

The high frequency instrumer(HFI) on the National Aeronautics and Space Administration/
European Space Agency Planck Surveyor, scheduled for launch in 2007, will map the entire sky in
six frequency bands ranging from 100 to 857 GHz to probe cosmic microwave background
anisotropy and polarization with angular resolution ranging frdrto%'. The HFI focal plane will
contain 48 silicon—nitride micromesh bolometers operating from a 100 mK heat sink. Four detectors
in each of the six bands will detect unpolarized radiation. An additional four pairs of detectors will
provide sensitivity to linear polarization of emissions at 143, 217, and 353 GHz. We have fabricated
and developed sensitive 3Bi, micromesh spider-web bolometers for submillimeter observation
using microelectromechanical system techniques. The spiderweb architecture in this research
provides high infrared absorption with minimal heat capacity and volume&0@4 American
Vacuum Society[DOI: 10.1116/1.1642644

I. INTRODUCTION junction field effect transisto(JFET) box, (iii) the readout

The Planck surveyor was selected in 1996 as the Mediurfilectronics{iv) the data processing uni) the coolers, and
Mission of the Horizon 2000 Plan of the European Space(V') the harness and tubes linking various subsystems. The

Agency. Planck is dedicated to obtaining definitive images of 1! is based on bolometers cooled to 100 mK. Bolometers
the cosmic microwave backgrou@MB) fluctuations and &€ sensitive to the heat deposited in an absorber by incident
extracting, with high accuracy, the primordial signal from radiation. They require very low temperatures to obtain a low
contaminating astrophysical sources of confusion. Planckeat capacity, giving high sensitivity with a short thermal
will allow precise determination of the fundamental cosmo-time constant. Cooling the detectors at 100 mK in space is a
logical constants that define our universe, including the dentajor requirement that drives the architecture of the HFI.
sities of baryonic, cold, and hot dark matter; the value of theStarting from the passively cooled 50/60 K stage of the pay-
cosmological and Hubble constants; and the neutrino contet@ad module, this cooling is achieved by a four-stage cooling
of the universe. Planck will use two focal plane units: asystem(18—4-1.6-0.1 K This cooling system also pro-
low-frequency instrument using high electron mobility tran- vides an electromagnetic shield Faraday cagefor the
sistors, sampling in the frequency range of 30—100 GHz, anfligh-impedance part of the readout electronics. The ac bias
a high frequency instrumetHFI) using bolometer$?sam- ~ and readout electronics perform all the electrical functions of
pling in the frequency range of 100-857 GHz. Planck will the cold stages, including temperature measurement and con-
be launched in 2007 on an Ariane 5 launch vehicle into &rol.
halo orbit around the L2 libration point in the Sun—Earth  In this research, we have fabricated and developed detec-
system. The spacecraft will be spin stabilized with a spin ratéors using microelectromechanical systdtEMS) tech-
of 1 rpm. The HFI is designed to measure the temperaturgiques for HFI models. The use of MEMS techniques in this
anisotropy and polarization of CMB radiation over the fre-research has improved the fabrication process required for
quency bands where contamination from foreground sourcedeveloping spider-web bolometer detectors. In order to pro-
is at a minimum and the CMB signal is at a maximum.duce detectors suitable for flight use, the fabrication pro-
Emission from foreground contributiondrom the Galaxy cess must give a high mechanical yield. The etch technique
and from extragalactic sourgewill be removed from sky used in this process is challenging in part because our large
maps by measuring the spectral signature of the fluctuation$00xX 100X 25 um) neutron-transmutation-dopgdTD) Ge
over a wide frequency range. To measure CMB over thighermistor and associated In bump bonds must not be dam-
range, the HFI has been designed as a multiband instrumeaged during the process. NTD Ge was chosen for this appli-
with six bands from 100 to 857 GHz. The focal plane is acation because of its extreme noise stabflifjhe thermal
layout of 48 bolometric channels in 36 pixels, permitting conductancé& determines the responsivity and sensitivity of
fulfillment of all scientific requirements for the HFI. a bolometer. Therefore the fabrication process must result in
The HFI consists of(i) the HFI focal plane unit(ii) the  uniform thermal conductivity to give uniform detector per-
formance. Finally, the process must not result in excess heat
3Electronic mail: minhee.yun@jpl.nasa.gov capacity, particularly over the extended-area absorber, be-
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Fic. 1. Spiderweb architecture with NTD Ge thermometer. Absorber metal thickness and diameter affect optical efficiency and internal time cpnstant, chi
location affects internal time constant, lead thickness affects thermal conductivity, and support legs increase device strength.

cause the speed of response of the detectors will be degradetechanical yield. The process sequence of the fabrication of

thereby. silicon on insulator(SOIl) micromesh spiderweb bolometers
is shown in Fig. 2. In this research, we used HF-
Il. DETECTOR FABRICATION HNO;—de-ionized(DI) water (HND) wet etching and deep-

trench reactive-ion etctDRIE) technologies to fabricate the

(SWB) technology developed for Planck will provide ;:Icz;rovrgresr::()sralr?]irxvi\?e? olrc:)rzzgir.v\?é\letl) e&gzg‘%;rei;o:&%y
background-limited performance in all bands. Planck will Y P y g

map the entire sky in six frequency bands ranging from 10(gamaged layer materials and cleaning the surface of materi-

to 857 GHz to probe CMB anisotropy and polarization with als. In addition to HND etching, silicon wafers are typically
angular resolution ranging from’ @0 5'. The radiation is wet etched in mixtures of nitric acid and hydrofluoric acid.

efficiently absorbed in a conducting film deposited on a mi-1he most common dry-etching technique is reactive-ion

cromesh absorber. This absorber is thermally isolated by r&tching (RIE). With RIE, ions are accelerated toward the
dial legs of uncoated silicon nitride that provide rigid me- Mmaterial to be etched and the etching reaction occurs in the
chanical support with excellent thermal isolation, as showrflirection of ion travel. Deep trench RIE is a technique used
in Fig. 1. extensively in the semiconductor field. Compared to wet
The use of MEMS techniques in this research has imetching, deep-trench etching has many advantages such as
proved the fabrication process required for developing largeetch uniformity and etch profile. The difficulties in perform-
format bolometer arrays. In order to be suitable for largeing a successful deep-trench etch process are compounded by
format arrays, the fabrication process must give a highhe range of requirements for various MEMS applications:

The silicon—nitride micromesh spiderweb bolometer
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sorber heat capacity, and cosmic-ray cross section. Mi-
cromesh bolometers are currently used in numerous CMB
SOl experiments (BOOMERANG® MAXIMA, 7 SuzIE® and
(2) Dsposition ot:allicon nitrids on SOi wafer Archeop$) that operate under optical-loading and detector-
Au sensitivity requirements similar to those needed here. Each

polarization-sensitive detector uses a pair of bolometers.
These polarization-sensitive bolometéPSBS use fabrica-
tion processes identical to those of the SWB but have an

absorber geometry that makes the PSBs sensitive only to one
linear polarization?

The processes of cleaning, dry etching, low-pressure
chemical vapor depositioLPCVD), lithography, and met-
allization are standard semiconductor-fabrication techniques.

(b) Deposition of Au absorber, lead, and contact layers

(c) Pattern absorber and Si,N, with photoresist The wafers used in this research were thermally bonded SOI
B s = e e e wafers with(100 orientation. The thicknesses of the top Si,
:ﬁj buried _SiQ, an_d bottom Si !ay_er were 2, 1, and 30n,
respectively, with+10% variation. First, the SOl wafers
(d) Dry-etch absorber and backside Si,N, were prepared with standard RCA cleaning. Then, anl

layer of SgN, [Fig. 2@)], which forms support legs, was
deposited on the wafer using LPCVD. Several Au deposi-
tions using photolithography processes form the absorber for
optimal infrared absorption, the electrical leads that define
the thermal conductance, and the wiring layer for electrical
readout. Using a liftoff technique Ti—Au metal films are de-
: posited to form the absorber layj¥ig. 2(b)]. The thickness
of the Au layer, ranging from 90 to 300 A, deposited on the
) absorber is chosen to give optimal infrared absorption. The
thickness of the Au layer forming the electrical leads on the
supports may be varied to tailor the thermal conductance.
The wafer is then patterned to define the mask for the mem-
brane[Fig. 2(c)], and etched, first with an Ar reactive-ion
etch to form spider-web absorber Ti—Au layer, and then by a
CF, and Q reactive-ion etch to remove the silicon nitride.
The backside is similarly patterned, aligned to the front side
() Tepeviewatthe:completed single:detector with an infrared camera, and reactive-ion etched to remove
the backside silicon nitride to define the silicon frapfég.
2(d)]. An Ni—=In bump sized 15umXx40 um [Fig. 2(e)] is
deposited on each of the two contact pads located at the
an etch depth from 20 to over 3Q@m: an aspect ratio of center of the device, using liftoff lithography to deposit 40
greater than 30; and a silicon exposed area of below 5% tB™ Ni+3 um In. The nickel layer is used as an intermediate
over 80%° The deep-trench RIE allows us to remove thelayer to prevent reaction of the indium with the gold during
bulk silicon without exposing the sensitive layer on the frontProcessing. Before the thermistors are attached, the back side
side of the detectae.g., In, Ge, Tito reactive etchants. The is patterned with photoresist and hard baked at 130 °C for 5
buried oxide layer also prevents fluorine-based etch produc@in-
from contacting any portion of the active area of the detector. The thermistors are manufactured from a polished slab of
Because we found that the deep trench RIE process left sigdTD Ge material byp doping with a 4.5% 10" cc concen-
nificant residues with large excess heat capacity when thiation of Ga and a 1.2910'® cc concentration of As to have
active area of the bolometer was directly exposed to the etcl® resistance of 5 K@ at 100 mK. Using photolithography,
we selected the HND liquid etch as the second step of th&wo contacts are defined on a single face of the chip. The
etch process. The liquid-etch step produces devices with lowontacts are B implanted and deposited with 2 nra20 nm
heat capacity, but unfortunately also results in lower devicéAu. Two 15 umXx15 um In bump bonds are then patterned
yield. The temperature of the absorber is measured by an each contact of the thermistor with the same Ni—In pro-
small (25x100x300 um) NTD Ge thermistor that is indium cess used on the wafer. The chips are diced with a diamond
bump bonded with thin film leads that are photolithographedsaw and etched in a mixture of HF and HN® remove saw
on two of the radial legs. Compared to a solid absorber, thelamage. The resulting chips are300 um long, ~50 um
micromesh has a geometric filling factor of up to 11%. Thiswide, and 25um thick, with two contacts 10@m wide and
factor provides a correspondingly small suspended mass, ab9 um long, separated by 200m. The NTD Ge thermistor

(e) In-bump deposition and placing NTD Ge thermistor chip
(f) Backside deep-trench RIE and wet etching of buried oxide

(g) Final wet etching of top Si layer

e

e

Fic. 2. Process flow diagram.
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was locatedFig. 2(e)] over the contacts at the center of the
absorber and attached by the In bumps with 1-2 N of force
by a micrometer. Finally, the silicon was removed using a
deep-trench reactive-ion etch to the insulating laj/€ig.
2(f)], followed by liquid etches to remove the thin oxide and
silicon layers[Fig. 2(g)].

We have used an inductive-coupling plas(@P) system
for deep-trench etching because ICP appears to be the most
suitable system for this application. This system allows high
etch rates and anisotropic etching with selectivity to conven-
tional photoresist maskd.The DRIE is manufactured at Sur-
face Technology Systems and is a single-wafer, load-locked
system that employs inductively coupled plasma etching
with the advanced silicon etch procé$she plasma is gen-
erated by an inductively coupled coil at 13.56 MHz with a
maximum power output of 1000 W. Another 13.56 MHz gen-
erator was used to apply the power to the electrode. This
technique allows independent control of the bias potential of
the wafer with a power of up to 300 W. Using a temperature
controller connected to a LNsupplier, the wafer tempera-
ture is maintained at less than 80 °C. The system and reaction
pressure is controlled by an automatic pressure controller.
Typical base pressures arx10 7 Torr, and operating pres-
sures are from 1 to above 10 mTorr. During processing, the
wafer electrode is lifted using a large bellows from loading _
height to a processing height within 10 mm of the bottom;©: 3 100 MK test .bedcl) JPET boxi(2) 100 mK3 COIS plate(3) passw?

A - ’ < ; ) thermal filter stagesi4) evacuated sample ca(g) °“He/*He mixing cham
coil. This reduces ion-density loss by diffusion. The electro-per; (6) heat exchangef?) indium vacuum to LHe seal; ar@) light pipe.
static chuck and platen assembly are cooled by a DI water
chiller system. Wafer cooling is provided by mass-flow-
controlled LN, on the back side of the wafer. lon densities acid-resistant wax is removed via a combination of solvents
on the order of 18 cm 2 are obtained at the center of the used to dissolve the wax and clean the surface.
chamber. We have used s&nd GFg as the etch and passi- Figure Zh) shows the final single spider-web array after
vation gases, respectively. During the etch step, iSfised releasing and cleaning. Each bolomete/Ngisupport leg is
to etch Si isotropically. This is followed by a short passiva-5 um wide and 1um thick. The web legs are 4m wide and
tion step! using GFg. In general, to etch through the bot- 1 um thick, leading to a filling factor of approximately 3%—
tom (350 um) silicon layer takes about 160 min. The selec-11%, dependent on the frequency ranges of the bolometers.
tivity to etching relative to silicon is 150:1 for the oxide and This small filling factor over such a large area allows highly
75:1 for the photoresist. When the silicon has cleared, th€nergized particles to pass undetected while still capturing
etch process is stopped. After the final etch, the standby stépe wavelength of radiation being observed. The absorber
is repeated and the load-lock handler removes the wafer frofas a relatively small mass and is suspended by support legs
the reaction chamber. of silicon—nitride that provide robust mechanical support and

After the DRIE process, hm of S|Q and 2Mm of Si very low thermal ConductiVity. Therefore the fabricated bo-
remain under the silicon—nitride absorber. The Si&er is lometer device is mechanically insensitive to the relatively
removed with a standard 10:1 buffered oxide etch to expostoW frequency vibration encountered during launch and op-
2 um of the top Si layer. The bolometer elements are therfration.
released from the DRIE mounting wafer by dissolving the
mounting wax via a combination of solvents. During this ||| CHARACTERIZATION
process, each bolometer is separated from all the other cor- )
responding neighbors on the wafer. A thorough cleaning of*: Thermal environment
each bolometer follows this dismounting process; then each Because the HFI bolometers operate at 100 mK, an Ox-
device is recoated with an acid-resistant wax on top of thdord Instruments Kelvinox-253He/*He dilution refrigerator
absorbing elements to complete the final wet-etch process. Ras been instrumented to perform the necessary low-
mixture of hydrofluoric acid, nitride acid, and DI water is temperature characterization of the detectors, as shown in
used to remove the final Zm of the top Si layer while the Fig. 3. The test facility is capable of testing up to 21 bolom-
wax protects the metalization, nitride web structure, and Geters per run. All channels have demonstrated intrinsic elec-
thermistor. After the Si is etched, the device is rinsed thortronic noise<6 nV/JHz over the frequency range 0.010-25
oughly. To complete the formation of the bolometer, theHz. Individual bolometers delivered for use in the flight pro-
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TaBLE |. Required bolometer performance.

Frequency C G NEP

(GH2) g (um?  2a(um)® d (um)  ff (%) (pJIK)® (PW/K)f (e-17WirtHz)?
100 320 4.8 4500 3 1.92 120 1.27
143 225 3.4 3160 3 1.81 160 1.37
217 160 2.4 2280 3 1.91 215 1.65
353 160 2.4 2280 3 2.15 215 2.08
545 110 6.4 2200 1.16 2.85 250 5.21
857 70 4 2100 11.4 18.0 1590 14.3

#Grid spacing §).

bLinewidth in absorber2a).

“Absorber diameter of active ared)(
dAbsorber filling factor(ff).

®Required heat capacitanc€).

Target thermal conductivity®).
9Required noise equivalent powedEP).

gram have been measured to havd2 nV//Hz intrinsic  tative sampling. Acceptance performance tests are repeated
noise under biased conditions in the absence of illuminationon all devices and the test results are evaluated for a quali-
The thermal stability required for bolometer intrinsic-noisefication report. The simple construction of the detectors al-
determination is 40 nKHz from 0.016 to 25 Hz. This sta- lows us to qualify the entire assembly as a hybrid. The num-
bility is implemented via passive-thermal design and activeber of cryogenic thermal cycles for qualification, 80, was
feedback using high-resolution thermometry. A four-stagechosen based on the estimates from our various collabora-
structure provides passive-thermal filtering. Active control oftors. These estimates indicate that the total number of cycles
a stage distributes the thermal-noise power density over & cryogenic temperatures likely to be experienced by the
wider bandwidth, and modulation of the isolated stage wherdlight devices is~25. The choice of cycling to a low tem-

the detectors are mounted is reduced. perature of~90 K (LN,), rather than to the operating tem-
perature of 100 mK or to 4.2 KLHe), is based upon expe-

, ) failures occur during transition within this temperature
A bolometer’s heat capacityd~1 pJ/K) and the thermal  oh0e and on general experience within the low temperature
conductance®~100 pW/K) of the link to the 100 mK ther- .o mmunity that the majority of damage due to differential

mal reservoir determines the speed of response. This bolome g contraction occurs within this temperature range.
etric response is modified from simple=C/G (~10 ms)

by the weak electrothermal feedback of the thermistor, but
essentially behaves as a single-pole rolloff. In order to mealV. DEVICE PERFOMANCE

sure the response to variable-frequency, constant-amplitude \ye have fabricated freestanding, 8 micromesh with a
input radiat_ion, a light pipe transports radiation from a,yiqe variety of geometries depending on the various fre-
source outside the Dewar at 300 K to bolometers at 100 mkyencies, as shown Table I. These criterias in Table | are
via a thin-walled stainless-steel tube, gold plated on the Upzhosen from previous fabricatioRsThe required heat ca-
per section. This technique demonstrates the optical respong@ities C, are chosen to give sufficient speed of response
of bolometers under conditions similar to those expected iy, that the sensitivity to point sources is not significantly

flight. degraded at the Planck telescope scan rate. The target ther-
mal conductivities are selected based on noise and time con-
C. Thermal cycling stant requirements. The absorber diameter is chosen to be

A LN, cryogen Dewar has been modified with a samplel-5'lambda and the gridzspacing is lambda/s to achieve suf-
holder that can hold two “slices” of eight bolometers, a ficient optical efficiency? The study of heat capacities for

variable-flow heat exchanger, and heaters. Automated operg4® and 857 GHz are ongoing. Because of the relatively
tion allows unattended thermal cycling between 330 and 8(RT9€ surface areas of the devices and the stringent require-

K. The resistance of each bolometer is recorded throughodf'€Nts on the heat capacity, small amounts of residue that are
the cycling intervals to a precision af1%. left on the device after processing can easily degrade the

device performance. These residues can take the form of
unetched Si remnants on the absorber web or, more difficult
to see, residue from the various waxes and ion- and wet-

Qualification testing is performed on devices that haveetching processes used in fabrication of the devices. Mea-
completed flight-acceptance testing, after which they are natured heat capacity as a function of absorber area is shown in
flight deliverables. Twelve detectors, six SWBix bolom-  Fig. 4@). The heat capacities have been between 0.96 and
eterg, and six PSB12 bolometerg are taken as a represen- 1.92 pJ/K for 100 GHz bolometers, between 0.24 and 3.03

D. Qualification
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10 T o0 ductivity required for absorption and dominates over the sili-
| o a3 con nitride at lower than 300 mK temperatdfeThis corre-
Pl lation allows for early screening between the room-
temperature resistance of the electrical leads and their
thermal conductivity at~100 mK. This relationship allows
for early screening of the detectors based on a simple room
temperature measurement. In addition, the data show that the
N contribution to the thermal conductivity from the;Si, legs
Required C js negligible in comparison with the design values of the
N~ Goal C thermal conductivities, which are-100 pW/K. All other
6. — ' measurements, for example of time constant and noise

1 10 100 . .
Absorber Area (mm?) equivalent power, are ongoing.

(a)

F| m 353-xx

Heat Capacity at 0.1K (pJ/K)

V. SUMMARY

190 21007 We have developed and fabricated for the Planck mission

P SisN, micromesh bolometers using MEMS to obtain defini-

353 tive images of the CMB fluctuations and to extract the pri-
mordial signal to high accuracy from contaminating astro-
°¢ physical sources of confusion. The process that we have
developed reliably produces detectors that meet all of the
* requirements for Planck. We are close to completing the test-
¢ ing of the cryogenic qualification model detectors, and are
scheduled to complete fabrication of the proto-flight model
100 1000 10000 detectors and to complete testing and delivery of these de-
PP} tectors in 2003. Using our fabrication techniques Planck can

(b) achieve high-resolution, high sensitivitd T/T<3x 10 € in

Fo. 4. (@) M 4 et s <hou o b Loni each 7 arcmin pix¢] wide frequency coverage, and excellent
1'5(-) i 1%""15‘;(:‘? 143""6&"’;"36‘1‘?3{’? osr g;";”glzez‘?uz(_ls forog‘g;' (ﬁf;m a‘l“ control of systematic errors. This combination of require-
(gray boxes. 0.96 for 100 GHz, 0.91 for 143 GHz, 0.96 for 217 GHz, 1.08MENtS cannot be met either by ground-based or balloon-

for 353 GH32, achieved andb) measured thermal conductivity dependent borne observatories and demands a space mission such as
on lead impedance. Planck.

G(T=0.1K) (PW/K)
g

pJ/k for 143 GHz, between 0.30 and 1.90 pJ/k for 217 GHz\CKNOWLEDGMENTS

and between 0.23 and 2.15 pJ/K for 353 GHz. The results to This research was performed at the Jet Propulsion Labo-
date indicate that there is an anomalous component of he&atory, an operating division of the California Institute of
capacity that is scaling with the detector area, but that thigechnology, under a contract with the National Aeronautics
component is at an acceptably low level to yield a high frac-and Space Administration.
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