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ABSTRACT 

An advanced manufacturing technology which provides 
multi-layered polysilicon surface-micromachining technology 
for advanced weapon systems is presented. Specifically, 
the addition of another design layer to a 4-level process to 
create a 5-level process allows consideration of 
fundamentally new architecture in designs for weapon 
advanced surety components. 
INTRODUCTION 

Polysilicon surface micromachining is a technology for 
manufacturing Micro-Electro-Mechanical Systems (MEMS) 
which has, as its basis, the manufacturing methods and tool 
sets used to manufacture the integrated electronic circuit. 
Polysilicon surface-micromachining is one technology which 
can greatly benefit by increasing t h e  number of layers 
currently available for design. The complexity of the devices 
which can be fabricated in a polysilicon surface- 
micromachining technology scales super-linearly with the 
number of layers, analogous to design with multiple 
integrated circuit (IC) metalization layers. Here, we present a 
methodology which extends Sandia's currently available 4- 
level process to 5-levels, overcoming the limits of too few 
design layers. This 5-level process allows t h e  design of 
extremely complex micromechanical functions, with 
concomitant increase in device reliability and robustness. 
FABRICATION TECHNOLOGY AND FACILITIES 
Polysilicon surface micromachining uses t h e  planar 
fabrication techniques common to the microelectronic circuit 
fabrication industry to manufacture micromechanical 
devices. The standard building-block process consists of 
depositing and photolithographically patterning alternate 
layers of low-stress polycrystalline silicon and sacrificial 
silicon dioxide. Vias etched through the sacrificial layers 
provide anchor points between the mechanical layers and to 
the substrate. At the completion of the process, the  
sacrificial layers, as their name suggests, are selectively 
etched away in hydrofluoric acid (HF), which does not attack 
the polysilicon layers. 
The result is a construction system consisting of one layer of 
polysilicon which provides electrical interconnection and one 
or more independent layers of mechanical polysilicon which 
can be used to form mechanical elements ranging from 
simple cantilevered beams to complex systems of springs, 
linkages, mass elements and joints. Typical in-plane lateral 
dimensions can be from one micron to several hundred 
microns, while the film thicknesses are typically in the  range 
of two to four microns. Because the entire process is based 
on standard integrated-circuit fabrication technology, 
hundreds to thousands of devices can be batch-fabricated, 
fully assembled (without the need for piece-part assembly) 
on a single six-inch silicon substrate. 
To define nomenclature, we count the initial electrical 
interconnect layer plus four mechanically active polysilicon 
layers and designate the process as  a 5-level polysilicon 

surface-micromachining technology. This is consistent with 
nomenclature used for an externally available polysilicon 
surface-micromachining process [l]. Here, we present a 
methodology which extends Sandia's currently available 4- 
level process to 5-levels, significantly enhancing our ability to 
create complex micro-assemblies. Examples of batch- 
fabricated devices fabricated by the 4-level process can be 
found elsewhere [2,3,4]. This 5-level process allows the 
design of extremely complex micromechanical functions, 
with significant concurrent increase in device reliability and 
robustness. 
The continued inclusion of advanced IC process techniques 
in the manufacturing process for micromechanical devices 
was essential to the 5-level process development. For 
example, consistent yield and high-reliability with 3 (or 
greater)-level polysilicon surface-micromachining requires 
planarization of surface topography. This topography, which 
arises from the repetitive cycle of deposition and selective 
removal of films used to construct the micromachines, 
severely curtails advancement beyond a 3-layer process. In 
fact, 5-layers would be virtually impossible without 
planarization. Chemical-mechanical polishing (CMP) which is 
widely used in multi-level metalization for high-density, sub- 
micron integrated circuits has been extremely successful for 
planarization in polysilicon surface-micromachining [2]. 
To expedite process development without the delay and 
expense of designing and generating 5-level masks, the final 
level of a 4-level design was repeated in the 5th polysilicon 
layer. This resulted in a working 5-level process which 
produced functional devices as  demonstrated by a multi- 
level geared transmission with redundant top-level gears 
(see Figure 1). Details on the functional improvements to 
these devices are provided in the section on impact on future 
devices. 
The infrastructure for the manufacture of ICs and MEMS is 
found in a facility such as the Microelectronics Development 
Laboratory (MDL) at Sandia National Laboratories. The 
facility is a 30,000 square foot, class 1 semiconductor 
fabrication facility located in Albuquerque, NM. The MDL is 
a modern, well-equipped CMOS fabrication facility with both 
2 micron and 0.5 micron CMOS technologies. The facility 
has been adapted to enable the advancement of other 
technologies, such as MEMS [5], in addition to the continued 
development of sub-micron CMOS. These other 
technologies benefit from the wide variety of equipment and 
processes in existence to support the baseline CMOS, but 
they must maintain a degree of compatibility with CMOS 
manufacturing processes so that they do not contaminate 
those processes. 
PROCESS DEVELOPMENT 

The 5-level technology has, as its basic process module, the  
repetitive cycle of deposition and definition of two primary 
films, a sacrificial silicon dioxide film and a structural 
polyclystalline silicon film. The deposition, photolithography, 
and etch processes are based on those used in standard IC 
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fabrication, but modified for thicker, mechanically-optimized 
films. The common IC processes of low-pressure chemical 
vapor deposition (LPCVD) of polysilicon and silicon dioxide 
films, and reactive ion etch for film definition are used. A 5- 
level process in essence repeats this base sequence a 
minimum of 5 times. Details of the Sandia baseline 4-level 
polysilicon surface micromachining technology are described 
by Garcia and Sniegowski[3,6]. The 5-level technology 
presented here is an extension to this 4-level technology. 
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Figure 1. Two SEM images of parts of a geared 
microactuation mechanism, a linear geared-rack, and part of 
a fold-up mirror[4]are shown in these SEM images. The top 
image is a close-up of the torque conversion unit which 
shows multi-level gears and specifically the redundant top 
gear layer which demonstrated the 5-level process. 

DeVelODment Issues and Solutions 
Surface topography and film mechanical stress were the 
major impediments encountered in development of a multi- 
layer surface-micromachining process. 

A. Vertical Topography 
Vertical topography is introduced by the repetitive deposition 
and etching of multiple films. The etches create film steps 
which normally are retained through the remainder of the 
process. This topography can produce mechanical 
interference between moving parts, and complicates 
subsequent process steps. For example, mechanical 
interference arises when interconnecting links must pass 
over a structure's edge. Figure 2 illustrates how these steps 
cause mechanical interference. The subsequent film used to 
create an interconnecting link deposits conformally over 
these steps producing an overhang feature. This artifact can 
protrude far enough into the lower levels to create 
mechanical interference. Without planarization of the 
surfaces, link/gear interference must be accommodated by 
design. 

Figure 2. This SEM illustrates the artifacts generated by the 
conformal nature of the polysilicon depositions over prior 
topography (indicated by arrows). 

In addition to the above design constraint, two significant 
process difficulties arise from severe topography. One 
results from the use of highly anisotropic plasma etch 
processes for the definition of the polysilicon layers. The 
anisotropy is necessary to obtain the desired vertical 
sidewalls of the polysilicon structures. However, the 
anisotropy of the etch prevents the etch from completely 
removing the polysilicon layer from along the bottom edge of 
a step. This leaves behind long slivers of polysilicon along 
these edges, often referred to as stringers. Stringers can 
also produce mechanical interference or even electrical 
shorts. The second difficulty is problematic definition of 
subsequent layers over severe topography. Photoresist, the 
photosensitive polymeric coating used to transfer the design 
into the physical films, becomes difficult to apply, expose, 
and develop, leading to loss of resolution and definition. 

The addition of chemical-mechanical polishing (CMP) 
planarization to the 4- and 5-level technologies is a major 
process enhancement from both the design and process 
perspectives [2]. The benefits of CMP for surface- 
micromachining are three-fold. It eliminates the IinWgear 
interference problem illustrated in Figure 2. It eliminates the 
artifact of anisotropic etching of conformal polysilicon films 
over edges, Le. stringers, since there are no steps on a 
planar surface. Thirdly and most critically, CMP enables 
evolution to a multi-level technology such as the 5-level 
process by eliminating the topography and associated 
photolithographic problems. 

B. Mechanical Stress 
The second critical area involves control of the overall 
mechanical stresses present in the wafer due to the multiple 
film stack. The primaty concern being wafer breakage and 
excess wafer deformation. Although breakage is clearly 
catastrophic, excess wafer deformation in the form of bow or 
warp precludes continued processing of the wafer due 
primarily to wafer handling problems in the tool set. 

The Resultina Process 
Referring to Figure 3, the cross-section of a device designed 
for the 5-level process clearly depicts all levels and 
illustrates planarization by CMP prior to polysilicon levels 4 
and 5. Total stack height from the substrate dielectric layers 
is over 12.5 pm. The greatest device thickness which can 
be produced is 12.0 pm. In contrast, single level processes 
normally consist of polysilicon film thickness on the order of 
2 pm. Thus, the stack is roughly a factor of 6 thicker which, 
from simple elastic beam theory, implies roughly a cubic 



increase in out-of-plane stiffness, Le., greater than a factor of 
100 increase in out-of-plane stiffness. 

Figure 3. This SEM cross-section was formed by focused 
ion beam (FIB) milling through a 5-level device area. The 
polysilicon layers are the light films, while the dark spaces 
are where the sacrificial oxide films existed prior to the 
release etch. Nominal thickness of mechanical polysilicon 
layers and sacrificial oxide layers range 1-2 microns. 

Figure 4. SEM images of dual microengines driving a 
geared-rack connected to a pop-up mirror. The drivers to the 
microengines are linear electrostatic comb drives seen in the 
lower-left and upper-right of the image on the top. The 
image on the bottom is a closer view of the elastic elements 
supporting the comb drives. The poly layers are numbered 
from 0, the ground poly, to Poly4, the uppermost, for a total 
of 5-levels. One sees that the effective thickness of these 
elements is greatly enhanced with the additional layer. The 
total device height above the substrate is 12.5 pm. 

In addition, the 5th layer continues to display the same 
degree of extremely low film stress-gradient which leads to 
film curl in released structures. One of the polysilicon film 
processes exhibits a film curl having I1 50 nanometer out-of- 
plane deflection at the tip of a singly-clamped cantilever 
beam with a length of 1000 microns. This measurement is 
done using an interferometric techniquep']. Film distortion at 
this extremely low level is very acceptable in optical mirror 
applications. Further, net in-plane stress is at the limit of the 
current stress diagnostic structures which detect film stress 
at the tens of megapascal level [8]. This implies that 
structures having extremely large in-plane dimensions, such 
as the gears in Figure 1, continue to be viable in the 5th 
level of polysilicon. This is very critical to many 
micromechanical sensor and actuator elements. 

IMPACT ON FUTURE DEVICE DESIGN 

In the first run, the devices designed for the 4-level process 
continued to demonstrate full functionality despite not being 
designed for the 5th layer. More importantly, actuation 
elements such as the electrostatic comb drive[9] in Figure 4 
display the improvement in performance expected from the 
addition of another layer. 

Mechanical Film Thickness 
The use of thin films (2-4 pm) has often been cited as a 
major limitation to polysilicon surface-micromachining. 
Benefits resulting from increasing film thickness include 
greater out-of-plane mechanical stiffness which is a cubic 
function of device thickness, and larger in-plane actuation or 
transduction which are proportional to thickness. Stacking 
polysilicon levels provides this desirable increase in film 
thickness. The lower image in Figure 4 illustrates the use of 
film stacking to create a central truss on the comb-drive 
which is orders-of-magnitude stiffer than if it were comprised 
of a single level. This applies to both the out-of-plane 
direction and in-plane deformation as well. The effect for 
this actuation device is that significantly higher drive 
voltages, and consequently larger output forces, can be 
obtained because the device no longer deforms to the point 
of electrical failure by shorting. 

The out-of plane stiffness also contributes to better 
fabrication yield. Device yield improves because the 
additional stiffness aids significantly in overcoming both 
release and in-use stiction[lO]. Stiction, as used in 
micromechanics, refers to the tendency for micromechanical 
structures to adhere to themselves or their supporting 
substrate. This occurs often in MEMS due to the scaling of 
surface phenomena forces as surface-to-volume ratio 
increases. Much effort is being expended to address the 
surface phenomena, however, a proven approach is to 
reduce the surface-to-volume ratio by simply increasing the 
size of the structures which effectively stiffens the structures 
against surface forces. Additional polysilicon layers can be 
used to accomplish this. Increased reliability in proportion to 
the increase of out-of-plane stiffness is consequently 
observed. 

Sensors, such as accelerometers, benefit from both the 
stiffness and output transduction increase. The additional 
stiffness reduces cross-axis response in many sensor 
structures. This occurs due to a decrease in the sense 
element response to cross-axis forces or due to a decrease 
in mode coupling between the desired sense axis and the 
cross-axis. 
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Reliabilitv and Robustness 
In addition to the structures having greater mechanical 
strength due to the additional thicknesses, the additional 
layers can be used for mechanical stops and restraints. 

Novel Desiqns 
The designs currently in fabrication primarily make use of the 
5th level for its increase in robustness and reliability, with 
some use of innovation in the connectivity between 
structures. However, the potential utility of the 5-level 
polysilicon/oxide stack is depicted in Figure 5. This 
technology allows a designer to consider stacking complex, 
moving structures on top of movable structures. This, in 
essence, allows micromechanisms to be conveyed about the 
surface of the substrate to interact with each other or with 
the environment. For example, lock elements which when 
unlocked enable other operations on the wafer by insertion 
of geared elements for power transfer are being considered. 
Figure 5 is a portion of a device just recently fabricated and 
designed for the 5-level process which illustrates the 
potential complexity of next generation devices [ 1 11. 
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Figure 5. The top SEM image illustrates the degree of 
mechanical complexity that can be fabricated in this 5-level 
surface micromachining technology, while the lower 
schematic illustrates the added functionality of conveyance 
of movable mechanisms over the substrate on a movable 
platform. 

MICROACTUATED MICROMECHANISMS FOR SURETY 

One area with both new and existing weapon systems that 
Sandia is viewing for potential application of MEMS is 
weapon surety. Surety entails the safe arming, fusing, and 
firing of a weapon. Without proceeding in great detail, the 
use of miniature, light-weight MEMS components to replace 
suitable current surety components in existing systems or in 
the design of new systems while still providing the same 
degree of safety and reliability would allow the addition of 
other elements such as 'state-of-health' sensors. For 

example, the micromechanical miniaturization of a stronglink 
surety component which currently has approximately a 10 
cubic cm volume will be reduced to a 1 cubic cm volume. 

SUMMARY 

In summary, a 5-level polysilicon surface-micromachining 
technology which has extremely desirable mechanical 
attributes and expands the available mechanical design 
space has been developed. Initial results show that the 
addition of the 5th level of polysilicon provides both 
significant improvement in device reliability and robustness, 
and new design space. Specifically, the increase in out-of 
plane stiffness contributes to both better fabrication yield and 
better design. 

The new 5-level micromachining technology provides a 
further means to miniaturize conventional macromechanical 
designs of various weapon components and provides an 
avenue for novel architecture. 

ACKNOWLEDGMENTS 
The process development engineers, operators, and technicians of 
the Microelectronics Development Laboratory under the direction of 
H. T. Weaver, J. F. Jakubczak, and H. Stewart are acknowledged 
for their contributions to the process development and fabrication of 
these devices. We also thank M. Callahan at Sandia National 
Laboratories for his excellent technical direction regarding the 
application of this technology. 

This work was supported b the United States Department of 
Energy under Contract Dl!-AC04-94AL85000. Sandia is a 
multiprogram laboratory operated by Sandia Corporation, a 
Lockheed Martin Company, for the United States Department of 
Energy. 

REFERENCES 
http://mems.mcnc.org/ 
R. D. Nasby, et. al., 'Application of chemical-mechanical 
Dolishino to Dlanarization of surface-micromachined devices'. 
Solid-S&e Sensor and Actuator Workshop, Hilton Head Is.; 
SC, pp. 48-53. June 3-6, 1996. 
J. J. Sniegowski. 'Multi-level polysilicon surface- 
micromachining technology: applications and issues," ASME 
1996 International Mechanical Engineering Congress and 
Exposition, Proc. of the ASME Aerospace Division, November 
17-22, 1996, Atlanta, GA, AD-Vol. 52. pp. 751-759. 
J. J. Sniegowski, S. M. Miller, G. F. LaVigne, M. S. Rodgers 
and P. J. McWhorter. 'Monolithic eared-mechanisms driven 
by a polysilicon surface-micromachned on-chip electrostatic 
microengine', Solid-state Sensor and Actuator Workshop, 
Hilton Head Is., South Carolina, June 2-6, 1996, pp. 178-182. 
http://www.mdl.sandia.gov/Micromachine 
E. J. Garcia, and J. J. Sniegowski, "Surface micromachined 
microengine", Sensors and Actuators A, Vol. 48, (1995) pp. 

M. P. de Boer, et. al., "Measuring and modeling electrostatic 
adhesion in micromachines", TRANSDUCERS '97, 1997 
International Conference on Solid-state Sensors and 
Actuators, Chicago, IL, June 16-19, 1997, Vol. 1, pp. 2D2.03. 
P. M. Zavaracky, G. G. Adams, and P. D. Aquilino, "Strain 
analysis of silicon-on-insulator films produced by zone-melting- 
recrystallization," J. of Micro Electro Mechanical Systems, Vol. 
4, No. 1, March 1995, pp. 42-48. 
W. C. Tang, et. al., 'Laterally driven polysilicon resonant 
microstructures,' Sensors and Actuators, vol. 20, pp. 25-32, 
1989. 

203-21 4. 

[lo] U. Srinivasan, M. R. Houston, R. T. Howe, and R. Maboudian, 
"Self-asseTbled fluorocarbon films for enhanced stiction 
reduction, TRANSDUCERS '97, 1997 International 
Conference on Solid-state Sensors and Actuators, Chicago, IL, 
June 16-19,1997, Vol. 2, pp. 1399-1402. 

[ll] Results are pending and will be submitted to a future MEMS 
conference by S. M. Rodgers and J. J. Sniegowski. 

http://mems.mcnc.org
http://www.mdl.sandia.gov/Micromachine


'ubi. Date (11) 199yo I 
Sponsor Code (18) bQc'/a 13 ,I x 
JC Category (19) u e-70 0 I I)DE/E& 

DOE 


