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We present a cryogenic measurement setup installed inside a focused-ior{fiBarmsystem to
characterize and microrepair microelectromechanical syststas$/S) for space applications. The

setup allows testing of MEMS devices under vacuum condition of® T@rr at variable
temperatures ranging from 298 to 20 K. In the experiment, a lead-zirconate-titanate translator
powered by a function generator and a dc voltage is utilized as an actuator, and a thin-film
thermo-resistor fabricated with test devices is used as an integrated temperature sensor. Additionally,
a motorizedx-y-z stage is installed to achieve highly accurate positioning function. Resonant
techniques and bending tests based on the designed setup are developed to measure the mechanical
properties of silicon nitride thin films at cryogenic temperatures. Combined with the functions of the
FIB system, this setup also demonstrates the capability to microrepair microshutter arrays,
programmable field selectors in the NASA James Webb Space Telescopes. The presented test setup
exhibits its feasibility to test MEMS devices needed for the space applications and can be extended
to other cryogenic application® 2005 American Institute of PhysicDOI: 10.1063/1.1884192

I. INTRODUCTION mechanical properties and reliability issues of MEMS mate-
rials and devices at cryogenic temperatures is critical for the

Microelectromechanical systerfld EMS) are micromet-  development of the microshutter arrays.
ric devices which usually combine electrical and mechanical ~The characterization of mechanical properties and reli-
components, and are fabricated using integrated circuibility issues on the microscale is challenging due to the
batch-processing technologies. Various MEMS structure§éduirement of appropriate testing apparatus. Slight impreci-
such as linear comb capacitors, micromirrors, microchannel$ion in the experimental setup, which has negligible conse-

cantilevers, and diaphragms have been successfully fabrguences for macroscale measurements, can be a major source

. . of systematic measurement errors for microsamples. In pre-
cated and widely used in accelerometers, pressure sensors

tical switch d lab hio platf The ad ious studies, several experimental setups and techniques
optical switches, and lab-on-chip piatiorms. The advances qj o developed. A probe-based nanoindentation sysaeoh

MEMS technologies also provide opportunities to develop,n, aiomic force microscof)élave been widely used to char-
MEMS devices for space applications. Due to the reductionycterize mechanical properties and reliability issues of mic-
of power and thermal requirements with miniature size andtosamples due to their high resolution measurement capabil-
weight, microspacecraffs, miniature communication ity. Another approach is based on two-slit optical
satellites> and meteorological instrumentatfoinave been interferometry’ Instead of using two open slits, lithographi-
proposed based on utilization of MEMS technologies. Cur<ally patterned gold strips on a microsample were utilized to
rently, two-dimensional microshutter arrays are being develteflect light. The distance between two gold strips can then
oped at the NASA Goddard Space Flight Cerf®8FQ to ~ be evalua_ted by examining the fringg patterns. Howeyer, all
be used as programmable field selectors for a multi-objeéthese testing apparatuses and techniques are only suitable for
spectrometer on the James Webb Space Telesco‘ggom—t_empe_rature measurement. . .

4-6 . . o This article reports a cryogenic measurement setup in-
(JWST)."” The microshutter arrays, made of silicon nitride . . .

o . . . . stalled inside a focused-ion-bedfIB) system. We describe

thm films using MEMS technlquesz rgquqe cryogt_emc OPEray, Getail the design, realization, and characterization of each
tion at 30 K to reduce thermal emission into the instrumente,mnonent utilized in this setup. Finally, developed measure-
Since the JWST operates in outer space, making maintgnent techniques and capabilities based on the entire system
nance extremely complicated, a complete understanding Gfre discussed.

Il. SETUP DESIGN AND IMPLEMENTATION
JAuthor to whom correspondence should be addressed; present address: A.

V. Williams Building, Room 1357, University of Maryland, College Park, The cryogenic measurement setup is designed to be in-
MD 20742; electronic mail: ghodssi@eng.umd.edu stalled inside a FEI-620 FIB system as shown in Fig. 1. FIB
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control the temperature of the device stage by adjusting the
R B Do flow rate of LHe and the electrical current flowing through
the resistor. In order to transport LHe between a helium
Dewar and the cryogenic measurement setup, a liquid helium
feedthrough and a flexible helium transfer tube with multiple
radiation shields and vacuum insulation are adoﬂ)‘f@ince
the cryogenic measurement setup operates at temperature
levels much below ambient temperature, heat transfer is the
main concern when designing such a setup and, therefore, a
thermally isolated device stage with cooling power is re-
quired. In our design, the cooling power is provided by a
helium diffuser that is connected to a thermally isolated de-
vice staggrotate-able and tilt-abjewith a flexible wire pro-
viding a thermal path. Since copper has high thermal con-
FIG. 1. FIB system with a cryogenic measurement setup installed insidedU(?tIVIty .and can be machined easily, the device stage, the
The helium transfer tube connecting liquid helium feedthrough and quuidhellum diffuser and the thermal path are made from copper.
helium Dewar is not shown in this figure. Three G-10(a continuous filament glass cloth material with
an epoxy resin bindgistandoffs are used as thermal insula-
systems have been widely used in the semiconductor indugc-).rS (thermal (_:onductlvny of 0.04 W/m K at 30 )K.IO mini-
try to repair masks and interconnection wires, to providem'ze conduction heat transfer between the device stage and

) 5 -
maskless ion implantation, and to study failure mechanismsthe FIB chamber. Due to a high vacudri10™ Torr) inside

The FEI-620 used in our experiments is a dual beam systen}\?e FIB sy_stem, CtOI’]VGC'[IOO heatt tran?:]er can be neg:jecte?.
with ion and electron columns, permitting ion milling and OWEVEr, In Most cryogenic SEtups, the primary mode o

in situ scanning electron microscop§BEM). This system heat transfer is generally radiant heat transfer. In our design

also has the ability to deposit platinu(®?) by ion-induced of the radiant Sh'eld’ three Iayer_s_ of aluminized M%g&n-
metalorganic chemical vapor deposition. These unique Capg_losmg the device stage are utilized to reduce radiant heat

bilities make FIB an appropriate tool for characterizing me-transfer due. :10 ;he I]f)wer lemlsswlt)I/ (I)f glum|n|ze_d M}/]Iar
chanical properties and reliability issues of MEMS materialscOmpared W't_ _t at of stain ess steel/aluminum OX',de cham-
and devices at cryogenic temperatures. ber wall. Additionally, there is no thermal conduction path

Figure 2 shows the configuration of the cryogenic meaPetween the Mylar shield and the device stage.

surement setup inside the FIB system. Liquid heli(itile) A diode temperature seqé&rattached to the device
in combination with a resistive thermal source is used to>t@9e With thermal response time of 10 ms at 4.2 K and ac-
curacy of 0.25 K at 30 K is first utilized to measure the

temperature of the chip. The temperature reading and cali-

) Liquid helium
»

feedthrough

elium diffuser Liquid Helium inpu Heli haust d .
" < ’ N T bration are obtained from a temperature contrdfleiow-
Device 5 ) 10 ever, the temperature of a device chip may be different from

the one measured by the diode temperature sensor due to
thermal resistance between the device chip and the device
stage. In addition, radiant heat transfer is not zero since the
device stage is not wholly enclosed by aluminized Mylar
layers. The opening is used for the entrance of electron and
ion beams. To obtain an accurate temperature measurement,
a temperature sensor integrated on the device chip is re-
quired.

There are several techniques used to design temperature
sensors, such as the measurement of thermoelectric effect,
thermomechanical effect, temperature dependence of electri-
cal conductivity, and voltage-curref¥-l) behaviors of di-
odes and transistors. In designing an integrated temperature
sensor for our purpose, two issues need to be considered.
First, the fabrication steps of this temperature sensor should
be compatible with fabrication processes of the test devices.
Second, the interconnection strategy should be simple. A
thin-film thermo-resistor is adopted as an integrated tempera-
ture sensor and is shown in Fig. 3. A meander structure of the

®) thermo-resistor is used to increase resistance value and sen-
FIG. 2. Configuration of the cryogenic measurement setup inside the FIBSItIVIty for temperature measurement. The interconnection is

system:(a) schematic view andb) photograph of the systeishown with- mad? using low-temperature CondUCti\{e €poxy to_ Conr‘eCt
out the Mylar shield for clarity. the integrated temperature sensor with manganin wires.
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FIG. 3. Layout design of an integrated temperature sensor located in the
center of a test chip. The area of the integrated temperature sensor is
5 mmx 10 mm.
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Here, chromium/gold metallization with the thickness of 5
and 50 nm, respectively, is utilized as the structural layer folriG. 5. Resistance-temperature curve of the integrated temperature sensor.
this thin-film thermo-resistor.

g For a;tulatmg t?StddeY'CeS and transporting melmbra”er%sistance of the integrated temperature sensor decreases lin-
(discussed latgr a lead zirconate titanatPZT) translator oy \when cooling down to 20 K with an average sensitivity

powered by a fun_ction generator and a dc voltage i_s attachegf 7.850 /K, where no hysteresis of resistance is observed
t_o a G-10 plate W't_h a S‘YCaSt epoXyThe G-10 plate is then during the cooling and warm-up cycléhe difference is less
fixed on a three-dimension&BD) stage controlled by three than 10Q).
?’tePper motors. A small Q—lO tul()laQ mm |nllength,' 3.5 mm The calibrated integrated temperature sensor is then at-
n dlame_ter_, and 0.6 mm in wall thicknessith a thin metal 064 19 the device stage as shown in Fig. 2. Two diode
layer at its inner su_rface is attgched on the top surface of thfemperature sensors mentioned previously are utilized to
PZT translator. A microneedle is mounted to the metal part &, itor the temperatures of the device stage and the helium
the gnd of th|_s tbe. A ﬂ_eX|bIe copper wifeghermal path diffuser, respectively. When the temperature of the integrated
cooling the microneedle is soldered to the metal part of th‘?emperature sensdor the device chipis set to 30 K by
G-10 tube. Th's conflguratlc_)n prevents t.he PZT tra'_"5|at°%1djusting the flow rate of LHe, the temperatures of the device
f“’”? malfunct|or_1 as it remains warm during cryogenic Op'stage and the helium diffuser are found to be 22.6 and 4.2 K,
eration of the microneedle. respectively. The equivalent thermal model of the cryogenic
measurement setup is presented in Fig. 6. Here, the values of
Ill. SYSTEM CHARACTERIZATION 0.015J/gK at 25K, 0.0025J/gK at 14.4K, and

A copper block attached to the helium diffus@ig. 2) 0.00015 J/gK at 4.2 K are used as the specific heat of
inside the FIB chamber is designed to calibrate the integrateBOPPer in the calculation of heat capacity. In addition, the
temperature sensor as shown in Fig. 4. Both the diode tenfémperature of the copper cable is assumed to be 13.4 K, the
perature sensor and the integrated temperature sensor #¢erage value of the device stage and the helium diffuser.
placed and sit next to each other in this copper block. As
copper is a good thermal conductor and FIB is a highlV. APPLICATIONS
vacuum sys'gem, the temperature. d_ifferenC(_a betweep these Mechanical property measurement
two sensors is assumed to be negligible. During experiments, i )
temperature is measured by the diode temperature sensor, ~ 'ésonant technique based on the designed measure-

while resistance is determined by the integrated temperatuf@€Nt S€tup is developed to determine the Young's modulus

sensor. The relationship between temperature and resistan% ;lhco(;\ n|tr.|Ide thin f'}lmbs, at gryogemp temperatures..
can be obtainedFig. 5. From the measurement result, the T-s ape cant evers are fal ricate as testing sFructures using
bulk micromachining techmqu’é.Unllke conventional can-

tilevers, the T-shaped cantilever is formed by adding a mass

g g (a square plajeat the end of a free-standing beam structure
g % T=30K
o [=) (from the integrated temperature sensar)
R
f =4 D- | ’ Heat Flow
(=) )O | Device PN Copper A Helinm - LHe
Stage Ra Cahle Ry Diffuser €ooling
o @ @/O T=22.6 K {from the T=134K T=4.2 K {from the dicde
diade temperature sensor) C=0.014 YK temperature sensor)
C=0475TK C=00044 'K

FIG. 6. Equivalent thermal model of the cryogenic measurement setup.
FIG. 4. Schematic view of the copper block for calibration of the integratedThermal capacityC and temperaturd of each component are given at
temperature sensor. cryogenic temperatures.;Represents thermal resistance.
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FIG. 7. Schematic diagram of the mechanism for the resonant test.
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to reduce its first resonant frequency. In our resonant tests, 100KV 30 1500x SE 176 1

one T-shaped cantilever is first pushed vertically down with

the microneedle and then released. The approximate resonant. 9. Bending test of a T-shaped cantilever. The large blade of the canti-
frequency is measured by pointing the electron beam in &Ver is pushed by the microneedle until fracture.

fixed position where the vibrating T-shaped cantilever moves

in and out of the electron beam pdffig. 7). This modulates

the secondary electron detector signal with the frequency ofantilevers with different dimensional designs are performed.
vibration. This signal is acquired with an oscilloscope andA large blade of a T-shaped cantilever is pushed by the mi-
the approximate resonant frequency is determined. Subseroneedle through a rotation angle until fract(feg. 9). The
quently, the microneedle driven by the PZT translator make®ending angle before fracture is recorded and the fracture
contact with the chip and vibrates the T-shaped cantilevestrength is then determined from ANSY6finite element
near the frequency determined previously. The frequency isimulation. The detailed analysis and testing results of the
varied over a small range and the response is monitored t@sonant technique and the bending tests can be found in our
determine the exact resonant frequency and the quality fagrevious study®*°

tor. Figure 8 is a SEM picture illustrating that a T-shaped

cantilever with a 52° titled angle vibrates only when the

driving frequency of the PZT translator matches with its

resonant frequency. Once the first resonant frequency is de-

termined, the Young's modulus can be obtained by the folB. Microrepair of microshutter elements

lowing formuld’

16224 The primary mission of the JWST is to reveal the origins
P Wy Lb La . . X
= t—2<v7f + le) , (1) of _galames, clusters, and large-scale st_ructures _formlng m_the
a universe. In order to observe these faint galaxies, an object
wheref is the first resonant frequency in Ha,is the mass selector is needed for the operation of the JWST to increase
density,L, andw, are the length and width of the cantilever instrument observing efficiency by optimally filling the focal
beam,L, andw, are the length and width of the added massplane without spectral overlap. A microshutter array with
at the end of the beam structutesL,+L,/2 is the effective  1800x 1800 elements to cover the JWST field of view is
cantilever lengthc; is a constant=0.235%, andt is the proposed and being fabricated at NASA GSFRdividual
thickness. shutter elements consist of a shutter blade of low-stress low-
_ For measurin_g the fracture strength.of silicon nitride thinpressure chemical vapor deposititPCVD) silicon nitride
films at cryogenic temperatures, bending tests of T-shaped;spended from the shutter frame by a nitride torsion flexure.
A schematic cross section of a single shutter element indicat-
ing the primary components is shown in Fig. 10. The shutter
elements are normally closed and are opened by rotating 90°
of the shutter blades, removing them from the optical beams.
The key requirement of the microshutter array is to provide
high on-to-off contrast ratio greater than 2000:1 at 30 K.
However, the limitation of fabrication techniques makes the
requirement difficult to achieve. Even though the microshut-
ter array is fabricated using microfabrication techniques with
a yield over 99%, in order to obtain such a high contrast
ratio, broken elements in the array after fabrication must be
blocked to keep them in the permanently closed state.
BT T ——— A technique to block a broken microshutter window at
ambient temperature is developed using the cryogenic mea-
FIG. 8. SEM picture of a T-shaped cantilever with a 52° titled angle at isSurement setup and the FIB system. The microneedle is first
first resonant mode. placed in contact with an appropriate membrane which will

E
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FIG. 10. Schematic cross section of a single shutter eleni@nat close state, angb) at open state.

be utilized to block the broken window. Here, we use thecan be observed. In this experiment, the 3D stage and the
same shutter element as the membrane from a testing chRZT translator provide the freedom to move the microneedle
for this purpose. lon-induced platinum deposition is per-with high resolution(a few nanometejs The optical test of
formed to weld the microneedle to the membrahélext,  the microshutter array with blocked windows has been per-
the microneedle with the membrane is released as a freflermed, which shows promising results with one order of
structure by using ion milling to separate the connection bemagnitude higher than the required contrast ratio. Further
tween the membrane and substrate. The microneedle with theechanical tests such as shock, vibration, and temperature
membrane is positioned on a broken window, followed bycycling are currently under way to verify the reliability of
ion-induced platinum deposition to weld the membrane tahis technique.

the broken window. Finally, the connection between the mi-

croneedle and the membrane is removed by ion milling. The . )

experimental procedure is shown in Fig. 11. The microshut®: Stress balancing of multilayer structures

ter devices in Fig. 11 are bonded to a chip carrier and only  The microshutter arrays are optical MEMS devices op-
the front side(the side with a light shieldof each element erating in outer space. In order to prevent leakage light at the
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FIG. 11. Microrepair for blocking test of a microshutter arrég):The microneedle is placed to contact a membrane utilized to block a broken shutter element.
lon-induced platinum deposition is then performed to weld the microneedle with the memfimefiee microneedle with the membrane is released by ion
milling the connecting part of the membrane to the substfatélransport the membrane to the position of the broken shutter elefdgfithe membrane is
welded with the broken shutter window using platinum deposition. Finally, the microneedle is released from the membrane by ion milling.
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FIG. 12. SEM pictures of a microshutter array(at 298 K and(b) 30 K. The surface of the shutter element curls up at 30 K due to the mismatch of the
coefficients of thermal expansion of the structural layers.
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