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New Optomechanical Technique for Measuring Layer
Thickness in MEMS Processes

Janet C. Marshall

Abstract—bDimensional metrology improvements are needed
to achieve the fabrication of repeatable devices. This research
presents a new optomechanical technique for measuring the
thickness of a suspended material in two distinct microelectrome-
chanical system (MEMS) fabrication processes. This technique
includes design of test structure, choice of measurement tools,
method of measurement, and computation of thickness. Two tools,
the stylus profilometer and optical interferometer, are used to
take measurements. Non-contact measurements are possible on
structures as narrow as 5¢em. Local thickness measurements are
achievable with combined standard uncertainty values of less
than 10 nm. Benefits of using the new technique include greater
likelihood of fabricating repeatable devices and more accurate
measurements of material parameters. The proposed technique
is also applicable for measuring layers that are thinner and made
of materials other than the conventional suspended material used Fig. 1. 3-D view of a fixed-fixed beam test structure depicting out-of-plane
in this research. [533] curvature in the z-direction.

Index Terms—integrated microelectromechanical systems ) .
(sMEMS), interferometry, microelectromechanical systems In 1992, Cronos Integrated Microsysteimsffered the first

(MEMS), multiuser MEMS processes (MUMPs), polysilicon, MEMS fabrication process to the public. The fabrication

profilometry, test structures, thickness. process was financed by the Defense Advanced Research
Projects Agency (DARPA). This was the first of many
I. INTRODUCTION Multi-User MEMS Processes (or MUMPs) [4]. Another

HE first polysilicon microelectromechanical systemQAEMS fabricatiqn process currently.available to the public is
(MEMS): device was fabricated in the early 1980's at[he Integrated |\/|.ICI’O Electro Mechamcal Systemsi({dEMS)
the University of California, Berkeley [1]. The inspiration forProcess [3] provided by Analog DeV|c_:es, Inc. -
using sacrificial layers to form microstructures (or surface Test structlljres (SgCh ashthe f|xeq|—f|xed beam shown in F'?]' b
micromachining) came from work done at Westinghouse fife commonly used to characterize MEMS processes. These
the 1960’s, where a metal cantilever beam was used adest struptures are aval_uable tool for des!gners, modeler;, and
resonant gate for a field-effect transistor [2]. Since then, grdJc€SSINg ENgINeers alike. Improved designs can be fabricated

strides have been made in the MEMS field. Perhaps the m8en the knowledge of the mechanical/dimensional parameters
widely known surface-micromachined comr'nercial product the MEMS materials obtained via test structures. As a result,

this day is the Analog Devices ADXLB0 a fully integrated the number of design/fabrication iterations is reduced.

surface-micromachined accelerometer used as an automotjve/'S Paper presents a new technique for measuring the
air bag sensor [3]. thickness of the mechanical, suspended layer that results from

MEMS processes. Two tools, the stylus profilometer and optical
interferometer, are used to take measurements. Non-contact
measurements are possible on structures as narrow.as. 5
Local thickness measurements are achievable with combined
) ) ) standard uncertainty values,., of less than 10 nm. (The
dMa”“SCth received February 17, 2000; revised October 2, 2000. Subjegfhined standard uncertainty is comparable to the estimated
Editor, N. deRooij. T
The author is at the Semiconductor Electronics Division, Electronics asdandard deviation of the result [5].)
Electrical Engineering Laboratory, National Institute of Standards and Tech- The method for measuring layer thickness is described in de-
nology, Gaithersburg, MD 20899-8124 USA. . . .
Publisher Item Identifier S 1057-7157(01)01599-2. tail and then applied to the MUMPs aaBIEMS process. The
resulting measurements of layer thickness are compared with

IMEMS are also referred to as microsystems technology (MST) and micrthe values provided by the two processing facilities.
machines.

2Certain commercial equipment, instruments, materials, or products are ideniCronos Integrated Microsystems is currently owned by JDS Uniphase.
tified in this paper. Such identification does not imply recommendation or em 1992, Cronos was known as the MEMS Technology Applications Center
dorsement by the National Institute of Standards and Technology, nor doesfiMCNC. Six years later, it became a financially independent subsidiary of
imply that the products specified are necessarily the best available for the pENC, as marked by its name change to Cronos Integrated Microsystems,
pose. Inc. In 2000, JDS Uniphase acquired Cronos.
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Fig. 2. A schematic illustration (not to scale) of a cross-sectional side view of
a severely pegged fixed-fixed beam test structure fabricated in the MUWMPs. Y. v (roughness
is typically on the order of 31 nm. In this research, it is assumedihata,, = v\ /M [\ component)
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K 1 L Fig. 4. A schematic illustration (not to scale) of the component parts of
D beams layer IB dimensionJ, which is shown in Figs. 2 and 3. This view is along the length of
s Y the structure, where it has adhered to the top of the underlying layer.
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Fig. 3. A schematic illustration (not to scale) of a cross-sectional side view o ?ﬂ“‘l’. (o0
a severely pegged cantilever test structure fabricated itMEMS process. &2000m)
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Il. OPTOMECHANICAL TECHNIQUE
The new optomechanical technique consists of four party{ ¢ - T l
test structure design, measurement tool choice, measuremi , 1/
method, and thickness computation. Each part is discussed poly-1 layer @Spm)

the following subsections. To help describe the new optome

chanical technique, Figs. 2—4 are used. Fig. 2 is a schematic

cross-sectional side view of a fixed-fixed beam fabricated in th@y. 5. Top view of a possible design of a subarray of fixed-fixed beam test

MUMPs. Fig. 3is a schematic of a cantilever test structure fabgituctures for the MUMPs (not to scale). Several 2-D step height measurement
dinthe MEMS Inboth th fi h traces (such ase, n, ando) are taken with a stylus profilometer to determine

_Cate 'r_]t € process Inboth these figures, t eStrUCturQ_he minimum thickness measuremeat,as shown in Fig. 2.

is considered to be severely pegged to the top of the underlying

poly-0 layer (or emit diffusion). In these figures, the dimensior

J is specified with the component parts shown in Fig. 4. _emit < (> 400m) >

There are four key dimensions: the minimum thicknasghe | diffusion
delta thicknes#3, the maximum thickness', and the estimated 450—> beams layer I (> 5um)
thicknessw. In this research, it is assumed that o, = a,. (2 50um)

E D

A. Test Structures

The minimum thickness measurement and the delta e —— - P
thickness measuremefithelp describe the estimated thicknes] .. ko >

«. The common endpoint for the measurementsdcnd B
is the top of the poly-1(or beams) layer in the anchor ar¢ (100m)
(D). Figs. 2 and 3 depict these dimensions in the MUMPs aig————————=
iMEMS process, respectively. For both processes, a _smgle Y€ 6. Top view of a possible design of a portion of a subarray of cantilevers
of test structure can be used to measure bbtind B. Figs. 5 for theiMEMS process (not to scale). With the optical interferometer, several
and 6 depict the Iayer and dimensional recommendatiofi® mMmeasurement traces (such jag;, andr) can readily be chosen on a

. . . severely pegged cantilever after the 3-D measurement is taken. The delta
associated with the designs. Note that the test structure desj{ikness measuremer, as shown in Fig. 3, can be determined from these
can be altered such that the thickness of other layers (e.qg., thees.

poly-2 layer in the MUMPS) can also be determined.

For the measurement ¢f, large anchors are recommended,

“Note that wherever the MUMPs is specified, application to ##EMS  since small anchors tend to fill in with extra polysilicon and
process is possible if the fixed-fixed beam test structures are replaced by

n- . — . .
tilevers, the poly-1 layer replaced by the beams layer, and the poly-0 Iayerc‘%-erefore give an uqreallstlcally thick value. Several two-dimen-
placed by the emit diffusion. sional (2-D) step height measurement traces (sugh asando
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in Fig. 5, or similar traces in Fig. 6) are taken with a stylus pran thez-direction, must be maintained by properly analyzing any
filometer. Therefore, the poly-0 layer (or emit diffusion) mussecondary sets of fringes, as discussed in the next subsection.
extend at least 5pm beyond the anchor lip.

For the measurement &f, a severely pegged structure (e.g., & Measurement Methods

fixed-fixed beam or cantilever) is required. During fabrication, The two measurement methods (the minimum thickness
the sacrificial layer is removed. This creates suspended strigethod and the delta thickness method) associated with the
tures. Oftentimes, the suspended structure is pulled down to §gfomechanical technique are described below.

layer beneath it and it stays there. It is from severely pegged1) Minimum thickness:For each profilometer sweep along
structures that the delta thickness values are obtained. Seveﬂ%/anchor (SUCh as tracesn, ando in F|g 5, or similar traces
pegged structures are adhered to the top of the underlying layerig. 6), the profilometer is operated such that the data is lev-
for a good portion along the length of the layer (at least:69.  eled with respect to the bottommost layer (e.g., the top of the
On these structures, a three-dimensional (3-D), measuremenidy-0 layer, F, as shown in Fig. 2). Then, two sections along
taken with the interferometer, from which several 2-D tracesach 2-D trace are selected by cursors, a section within the an-
(such asgp, g, andr in Fig. 6, or similar traces in Fig. 5) arechor area) and a section withi. The average height of tHe
chosen. section is compared to the average height ofAheection. The

The type of test structure chosen for the measuremest ofgifference in these two heights determines the minimum thick-
depends upon whether or not the suspended layer is under t@&ss measuremerit

sion or compression. Although fixed-fixed beam test structuresp) pelta thickness:An optical interferometer is used for
offer more desirable properties than cantilevers for thicknegfe delta thickness measurement. Secondary sets of fringes are
measurements, they are not suitable for a tensile strain polygimajor concern with interferometry done on thin film samples.
icon Iayer. Unlike cantilevers, it would be rare to see a ﬁXECEach Samp|e area under investigation needs to be examined
fixed beam test structure under tension that has adhered todRgefully for secondary fringes and the effect they have on the
top of the underlying layer. measurement. The two sample areas of prime concern for the
Therefore, for a compressive polysilicon layer, as in th@terferometry in this work are the anchor aaand the area
MUMPs, subarrays of fixed-fixed beams with large anchoist the pegged structutk as shown in Figs. 2 and 3.
are the recommended test structure for the measurements @f this work, it is determined that the secondary set of fringes
A and B. For a tensile polysilicon layer, as in thtMEMS  does not affect the data for either of the sample areas in either
process, subarrays of cantilevers with large anchors are #ehe processes. This implies that the secondary fringe effect
recommended test structure for these measurements. g is zero. (If g is not zero, it is used as a correction factor.)
This may not be the case for subsequent processing runs (e.g., if
the polysilicon layer is thinner). Therefore, verification for each
The optomechanical technique combines two measurempnicessing run is recommended.
tools, the stylus profilometer and the optical interferometer. This Once the value foy is determined, a 3-D measurement is
combination of tools leads to more accurate, comprehensted&en with the interferometer. Several 2-D traces (such as traces
measurements. The optomechanical technique is more accupate andr in Fig. 6, or similar traces in Fig. 5) are selected
by at most 31 nm with a combined standard uncertaintypf from the 3-D measurement. For each trace, the peak-to-valley
5 nm. This is the value for (as shown in Figs. 2—4) obtained inmeasurement{sk” and.L as shown in Figs. 2 and 3) are obtained
this research. The optomechanical technique is more compfrem which B is calculatedB = K — L + g).
hensive due to the interferometer’'s 3-D measurements as op-
posed to the typical 2-D measurements obtained with a stylds Thickness Computation

profilometer. Determination of the estimated thicknesdepends upon the

A stylus profilometer is used for the measurementofas rangeAH of the anchor etch depthl provided by the pro-
shown in Figs. 2 and 3, because the valuesfdj5] tend to be cessing facility.

lower [6] than those derived from an optical interferometer for Referring to Fig. 2 or 3,4 is a minimum thickness value

the given step height. The technique is also simple, straightf@ince the polysilicon in the etched arBais not included (' is
ward, and reliable. a maximum thickness value because it includes the dimension

A major benefit of the optical interferometer is that it can bg in addition to the complete thickness of the layer. The figures
used to obtain peak-to-valley measurements (sudd and .  show that

shown in Figs. 2 and 3) without the tool contacting the sus-

pended structure [7], [8]. The delta thickness valBejs cal- A+B=C. (2)
culated from these measurements. A second benefit in usingl_ ] ] ] o ]

the optical interferometer for this measurement is the ability to | "€ estimated thicknessis between the minimum thickness
measure narrow (5m) structures. A third benefit is the ability 4 @nd the maximum thickness

to readily choose 2-D traces after a 3-D measurement is taken. A<a<C )

A fourth benefit of the optical interferometer (although not re- '
quired for this research) is its ability to provide smaller errognq Figs. 2 and 3 show that

bars for the linear measurements in theplane than an optical

microscope [9]. The integrity of the interferometric data points, ag=A+H 3)

B. Measurement Tools
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and

TABLE |

POLYSILICON THICKNESS VALUES FOR THE MUMPS17 AND

tMEMS PROCESSUSING OPTOMECHANICAL TECHNIQUE

ap=C—J. (4)
. . . . . Polysilicon
Two assumptions are made in this research. First, it is as Thickness MUMPs17 /MEMS® Process
sumed that A, =1.945 um A_=1.745 pm
Minimum value (4) u.=6nm u.=9nm
A=y = . (5)
This assumption can only be made for test structures designe B,=4lnm B, =_259 nm
with large anchors as in this research. Small anchors tend t  Defta value (8) ;=3 nm 4. =9 nm
fill in with extra polysilicon. With large anchors, (5) can be as-
sumed to be as accurate as the polysilicon thickness variation C.=A +B, C,=A,+B,
over the distances considered. This variation is compensated f¢aximum value (C) | €, =1.986 jn €, =2.004 m
by taking multiple measurements on different test structures a u=7nm 4= 13nm
select locations. Therefore, the variations are included in the cal a,=a,=A +H a,=a,=C-J
culations ofu.. This assumption is used in the determination of Estimated value (o) o, =1.955 wn «, =1973 um
J. If J cannot be explained by the sum of its parts, as shown ir u, =" nm u, =14 nm

Fig. 4, then a correction factor is needed in (5).
The second assumption is thatis assumed to be the same

for both processes (i.e., the MUMP$1ahdiMEMS process).  chip. Three profilometer sweeps were taken along each anchor
In other words, similar to tracesn, n, ando in Fig. 5, for a total of 42 sweeps.

For theiMEMS process, three anchors on each of eighteen
chips somewhat evenly spaced throughout a wafer were exam-
ined with three profilometer sweeps taken along each anchor,
where J accounts for the roughness of the underside of tf@r a total of 162 sweeps.
poly-1 (or beams) layer in the-direction, the roughness of
the topside of the poly-0 layer (or emit diffusion), any residuB. Delta Thickness and Maximum Thickness
present between these layers, and the tilting associated with thgor the MUMPs17, eighteen severely stuck beams were mea-
beam, as shown in Fig. 4. In other words, sured to obtair3.. The maximum thickness valu@. is calcu-
lated using this value.

For theiMEMS process, at least one severely pegged can-
tilever was found on 6 of the 18 chips measured for the min-

After examining each component df it is reasonable t0 as-jmum thickness values. The maximum thickness value for the
sume (6) for the two processes. If a discrepancy exists, the ed@afer C,, was calculated using,,.

tion can be modified accordingly.

J = Jauwmpsir = JimEMS (6)

J=s.+t4+u+w. @)

C. Estimated Thickness

For the MUMPs17, the anchor etch deptlis specified to be
The minimum polysilicon thickness, the delta thickness, tHess than or equal to 20 nm. This implies thal = 20 nm. This
maximum thickness, and the estimated thickness values weadue forAH is small enough to choose an appropriate anchor
obtained for the MUMPs17 andMEMS process. These mea-etch depthH with a relatively small uncertainty. This enables
surements were taken on one chip in the MUMPs17 and on dhe use of (3). IfH is chosen to be in the middle of the 0 to 20
150 mm wafer in the MEMS process. The calibrated, numeram range, then the smallest uncertainty value results. Therefore,
ical results are given in Table | and discussed below. Throughdiitis chosen to be 10 nat 10 nm and (3) is used to determine
this paper, the subscriptsc, or w refer to local, chip, or wafer «.
designations, except when used with the combined standard un-or the MUMPs17 B = 41 nm andH = 10 nm. Therefore,
certainty,u.. The estimated thickness values are compared withiunpsi7 = 31 nm according to (6) and the following equation
those provided by the two processing facilities.

I1l. A PPLICATION TO THEMUMPS AND :MEMS PROCESS

J=B-H. (8)
A. Minimum Thickness
This equation was derived from (1), (3)—(5).

For the MUMPs17, minimum thickness measurements WereEor theiMEMS process, the anchor etch depth is between 0.1

taken on 14 anchors somewhat evenly spaced throughout a/tﬁﬁtand 0.4um (i.e., AH = 0.3 um). This large value for\ H

5MUMPs17 refers to MUMPs run number 17 with a design due date of Japrohibits the use of (3). Therefore,is calculated using (4)—(6).
uary 13, 1997. For both the MUMPs17 anétMEMS process, the local esti-
6To be more specific, the MCNCPC1 process (i.e., project chip 1 organizggated thickness values are obtained with values far, less

by MCNC and fabricated in theMEMS process) was used. However, to avoi . . . . .
confusion with MCNC’s MUMPs, the generdIEMS process will be speci- han 10 nm. This was determined from calculations involving
fied. the raw data.
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nique includes design of test structure, choice of measuremen[tZ] a55cz—;5§‘]1v Aug. 1\?V98E- Newell. R. A Wickst 41 R Davi
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tilevers with large anchors are the recommended test Structures] D. A. Koester, R. Mahadevan, A. Shishkoff, and K. W. Markus,
for a tensile polysilicon layer. “MUMPs™ Design Handbook, rev. 5.0,” : JDS Uniphase (Cronos

. : . Integrated Microsystems) , 2000.
_A Stylus proﬂlometer 1S recommend?d fpr the minimum [5] B.N.Taylorand C. E. Kuyatt, “Guidelines for evaluating and expressing
thickness measurement A, as shown in Figs. 2 and 3. The  the uncertainty of NIST measurement results,NiST Technical Note
minimum thickness is determined from the step height of the[G] é29s7, Jsa}n- 1993-Th deoth  of crat duced b
. . . . S. Simons, “The epth measurement ol craters proauce Yy sec-
!arge anchors in the te_St structure. An optlcal interferometer ondary ion mass spectrometry—Results of a stylus profilometry round-
is used to take delta thickness measuremeitspn severely robin study,” in Secondary lon Mass Spectrometry SIMSAX Ben-
pegged fixed-fixed beams or cantilevers in the subarrays. gg‘gyovengé j%%enhoff‘ and H. W. Werner, Eds. New York: Wiley,
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The max'ml'_'m thlckpess valu€;, is then calculated as the_ P. J. Caber, S. J. Martinek, and R. J. Niemann, “A new interferometric
sum of the minimum thickness measurement and the delta thick- * profiler for smooth and rough surface®toc. SPIE, Laser Dimensional
ness measurement (i.el,+ B = C). The estimated thickness - g"eﬁrmo%’, Pf:jogogeﬁigva/O'-égisblF’P- T195h—2_03|’ gcft- 1993-M |

. P . . . LIppold an . Podlesny, us lechnical reterence Manual, rev.
v_aluea is between the minimum and mammum thlckngss values A, 2nd ed., (WYKO Corporation), pp. 980-078, Apr. 1995.
(i.e., A < « < C). The determination of this value is based [9] J. C. Marshall, “Length and Strain Measurements Using an Optical In-
upon the rangeAH of the anchor etch deptH for the par- terferometer,,” : to be an NIST Internal Report.
ticular process. Local thickness measurements are achievable
with values foru, less than 10 nm. The estimate obtained for
a, for the MUMPs17 was well within one standard deviation
of the value reported by the processing facility. Ford&EMS
process, the estimate obtained &gy is within the guaranteed
range of expected values.

Benefits of using this new optomechanical technique inclu
greater likelihood of fabricating repeatable devices and m
accurate measurement of material parameters. This techni
shows promise for measuring layers that are thinner and madi _ _pered

. . . Gaithersberg, MD, specializing in MEMS research
materials other than the conventional suspended material u/.- since 1990. Her previous names include Janet

in this research. ) Cassard Montgomery and Janet Marie Cassard.

Janet C. Marshall received the B.S. degree in
physics from Muhlenberg College, Allentown, PA, in
1978, and the M.S. degree in electrical engineering
from Lehigh University, Bethlehem, PA, in 1981.

She worked at Bell Laboratories, Allentown, PA,
for almost four years. Since 1981, she has worked at
the National Institute of Standards and Technology
(formerly the National Bureau of Standards),



