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Abstract The emphasis on high aspect ratio mi-
cromachining techniques for microsystems/MEMS has
been mainly to achieve novel devices with, for exam-
ple, high sensing or actuation performance. Often
these utilize deep structures (100-1,000 um) with ver-
tical wall layers but with relatively modest spatial res-
olution (1-10 um). As these techniques move from
research to industrial manufacture, the capital cost of
the equipment and the cost of device manufacture
become important, particularly where more than one
micromachining technique can meet the performance
requirements. This paper investigates the layer-pro-
cessing costs associated with the principal high aspect
ratio micromachining techniques used in microsystems/
MEMS fabrication, particularly silicon surface mi-
cromachining, wet bulk etching, wafer bonding, Deep
Reactive Ion Etching, excimer laser micromachining,
UV LIGA and X-ray LIGA. A cost model (MEMS-
COST) has been developed which takes the financial,
operational and machine-dependent parameters of the
different manufacturing techniques as inputs and cal-
culates the layer-processing costs at the wafer and chip
level as a function of demand volume. The associated
operational and investment costs are also calculated.
Cost reductions through increases in the wafer size and
decreases in chip area are investigated, and the
importance of packaging costs demonstrated.
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1 Introduction

Thin film techniques are currently being used to fab-
ricate the sensors and actuators made possible by
microsystems design. Such devices, while often limited
in performance, have the significant advantages of
using well-established and cost-effective manufacturing
techniques, derived directly from the semiconductor
industry and based predominately on silicon. As the
semiconductor industry investment cycle seeks
improvements in performance and functionality
through reduced feature size and larger wafers to
spread the fabrication costs over more devices, high-
quality equipment and often whole facilities become
obsolescent. Yet these are more than adequate for
MEMS device manufacture. For example, as the
semiconductor industry moves from 0.35/0.25 um pro-
cesses on 150 mm diameter wafers to sub-100 um
processes on 300 mm wafers, the MEMS industry
builds mixed MEMS/CMOS devices using sub-micron
processes on 150 and 200 mm wafers.

However, these techniques are effectively planar
and many advanced sensor designs require thicker
structures to get adequate sensor sensitivity or actuator
force. Microsystems are not only being fabricated from
thin film techniques at thicknesses of a few microns in
silicon but also from deep structures of several hun-
dreds of microns, with high aspect ratios greater than
10:1. These are often made from materials other than
silicon (for example polymers, metals and ceramics).

Little work has been published to compare MEMS
cost models with the robust models that have been
developed and verified for semiconductor technology.
The introduction of high aspect ratio microengineering
techniques will require a different cost structure.

@ Springer



86

Microsyst Technol (2007) 13:85-95

A MEMS cost model (MEMSCOST) has been
developed to examine different aspects of microfabri-
cation. It assumes each machine processes one layer of
a wafer per sequence and includes exposure, align-
ment, wafer loading and other overheads. Costs for
masks and resist processes (consisting of resist spin-
ning, pre-bake, development and post-bake) are in-
cluded, where appropriate, as part of the process. The
results presented in this paper concentrate on high
aspect ratio lithography techniques and exclude the
cost of using the patterned resist structures. However,
the model may be readily extended to include various
forms of material deposition. Batching of wafers for
resist processing is assumed when sufficient volume is
demanded. Direct- and indirect-fixed and variable
costs are included in the model parameters.

The capital investment required will influence
strongly the cost-of-entry for a manufacturing facility
and will depend on the output capacity required of the
various high aspect ratio equipments. Capital investment
will increase as the number of machines required to meet
the production requirements rises. As expected, the
initial equipment cost will be high, while the unit costs
per wafer and hence per chip will fall with volume.

The model enables the effect of larger wafer sizes
and smaller chip areas on manufacturing costs to be
estimated. The overall cost of a device will include test
(not addressed in this paper) and packaging. There is a
brief analysis of packaging costs, although packaging
technology for MEMS is still embryonic with little
standardization. A typical calculation shows that
packaging can be greater than 50% of the cost of a
device, even using standardized packages from the
semiconductor industry.

The selling price of a device will depend not only on
the technology but also the accounting methods used
to take account of R&D, marketing and sales, build-
ings and profit. These costs are not included in the
model but may be introduced from available data as
fixed cost overheads.

The performance and cost estimates for the various
technologies presented in this paper are based on the
author’s 27 years experience in constructing and oper-
ating the Central Microstructure Facility (Lawes 2003)
at the Rutherford Appleton Laboratory in the UK.

2 Cost model for microfabrication
The manufacturing algorithm within MEMSCOST

has been developed on a conventional fixed plus
a demand-dependent variable cost basis. The model
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inputs machine-dependent, operational and financial

data to determine the output costs as a function of the

number of wafer layers and the number of chips per

layer. The manufacturing cost of a complete multilayer

wafer or device chip may be calculated from the sum of

the layer-processing steps and the overall yield of the

processes. The model typically inputs:

Device data

e Number of different designs/year and the number
of layers processed with a given technology (hence
the number of masks/year).

e Depth of a given high aspect ratio layer.

e Device dimensions (mm X mm)

Wafer data

o Wafer diameter (e.g. 150 mm)

e Batch size for processes such as resist processing
and wet etching (e.g. 20)

e Cost of blank wafer (e.g. $25)

Operational details

e Hours/year for facility operation (e.g. 6,000) per
operator (e.g. 1,600).

e Number of machines/operator (e.g. 5)

Financial assumptions

e Amortization period (e.g. 5 years)
e Mask cost (each) (e.g. $700)

e Salaries/operator (e.g. $56K)

Layer processing technology

e Cost of capital equipment including cost-of-own-
ership items such as care and custody, maintenance,
consumables and manpower.

e Exposure/etching rate of the process for a given
material (wafers/h).

e Cost/h of a particular technology to process a layer,
hence the cost/wafer.

e The maximum number of exposed layers/year per
machine.

e The yield of good chips for each layer from a given
process technology.

The cost to process a layer for each technology is
calculated, where relevant, from the exposure or
etching process, the resist processing (spinning, pre-
baking, development and post-baking) and any optical
lithography. The cost of masks, any thin layer optical
lithography, the high aspect ratio layer-processing
steps and the number of machines required to meet the
output demand can be summarized to produce the
average manufacturing costs for a varying number of
wafers/year for a given technology. The algorithms
used to calculate the results are:
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CL = Cg+ CyNy, (1)

where

CL cost to process a layer ($ per layer)

Cr fixed cost ($ per annum)

Cy variable cost ($ per wafer layer)

Ni number of wafer layers per year, i.e. number of
wafers X number of layers/wafer.

The unit cost to process a layer will be

Cr
CL= N_L + Cy. (2)

The fixed costs/year are calculated from the capital
cost of the relevant machines (Cy), the period (Y) over
which amortization is calculated and the annual cost of
any scheduled maintenance periods and stand-by con-
sumables (Mg), i.e.

The variable costs/year are calculated from the
hourly cost of operating the equipment (Cop), the time
to process a layer (7) and the cost of throughput-
dependent consumables (c) per wafer.

Cy = CopTL +c. (4)

Ty is strongly dependent on the physical mecha-
nisms of resist exposure and material etching for a gi-
ven technology, as well as the method of covering the
substrate with adequate exposure, e.g. full wafer pro-
jection, wafer scanning or step-and-repeat:

T = Np(Texp + Tsr) + To, (5)

where

Ng number of fields/wafer (depends on field
size and wafer size)

exposure/etch time depending on the
depth (H) of the layer being processed
Tsg  step-and-repeat time per field

To other overheads, e.g. load/unload time.

TEXP

For full wafer projection or wafer scanning, Ng = 1,
Tsr = 0.

3 High aspect ratio machine performance

High aspect ratio microfabrication technologies oper-
ate by different physical mechanisms, offer a different

quality of micromachining (such as wall angle and
roughness), expose resist at significantly different
speeds and may machine material directly. Some
techniques are more suitable for, or only applicable to,
certain materials.

The techniques investigated in this paper are shown
in Fig. 1, and the major features, affecting the cost of
manufacture, discussed below. Note that high aspect
ratio processes such as Deep Reactive lon Etching
(DRIE) and Bulk micromachining can produce
structure in the wafer layer itself, whereas X-ray
LIGA and UV LIGA require a resist intermediary.
Excimer laser machining might do either, depending
on the material. All these processes require some
form of mask to define the device’s design features.
The time to process a wafer layer to the required
depth depends on the machine technology and the
degree of automation in substrate handling. Many of
the machines process a whole wafer simultaneously,
as sub-micron resolution and alignment are rarely
required. The exposure time algorithm depends on
time taken for the exposing radiation to interact with
either the resist or the substrate material. Typical data
is shown in Table 1.

Bulk micromachining relies upon the wet chemical
etching of materials with preferential crystallographic
planes (Elwenspoek and Jansen 1998), such as silicon,
and can produce relatively simple devices at very low
cost. Inflexibility, due to the few fixed planes and low
resolution (50-100 pm) are the main limitations. Cost
of ownership is low as the equipments required are
simple mask aligners, resist-handling tools and wet
etching baths.

Laser micromachining and DRIE are two well-
established techniques that do not require deep resist
exposure and development to form a high aspect ratio
structure.

An excimer laser produces a high flux, demagnified
optical image of a conventional chrome-on-quartz
mask, which normally structures the layer material
directly by ablation. Each laser pulse removes an im-
age of part of the mask to a depth of a fraction of a
micron, depending on the material being machined
(Gower 2001). The area of the mask can then be cov-
ered by a synchronized mask-wafer motion to expose
the whole wafer surface. The wall angles and roughness
in the substrate can be controlled by the illumination
flux. However, the maximum exposure rate and flux is
set by the maximum energy (Rumsby et al. 1997) and
power that the mask can absorb (0.1 J/cm? and 20W/
cm?). Note that laser micromachining can be used both
to manufacture deep resist moulds and to directly mi-
cromachine a variety of materials.
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Fig. 1 High aspect ratio
microfabrication techniques
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Table 1 Production throughput for some manufacturing technologies (for H = 200 pm)
Exposure Exposure time Texp (s) Tou (s) Total Output Maximum
method (wafers/h) (wafers/year)
X-ray LIGA PMMA Scan wafer T =46.1 x H*% 2 1,692 30 1,722 2.09 10,000
X-ray LIGA SU-8 Scan wafer 7 =0.06x H +2.6° 15 30 45 80 384,000
UV LIGA SU-8 Full wafer T =18xH -37 323 30 353 10.2 49,000
Excimer laser (depth/pulse Scan wafer T = H-W%20,000 400 30 430 8.4 40,000
0.2 pum; laser rate 200 Hz)
DRIE (etch rate 10 um/min) Full wafer T=06H 1,200 30 1,230 2.9 14,000
Surface micromachining Full wafer 7 =120 120 10 130 27.7 133,000
(lithography only)
Wet bulk micromachining (expose; Full wafer T=120; T = 36 H 120; 360 10; 10  160; 370 27.7;9.7  133,000; 47,000
wet etch 100 pm/h)
Wafer bonding Full wafer T = 1,000 1,000 30 1,030 3.5 17,000

Resist processing (deep; thin)

Batch; batch T =9,600; T = 3,600 — -

9,600; 3,600 7.5 20 36,000; 96,000

? Calculated from Lawes and Arthur (2004)

Deep reactive ion etching is a form of plasma
etching that requires a conventional lithography step to
define features in a masking layer on the surface of the
wafer, followed by an alternating series of vertical, sub-
micron etching and sidewall passivation steps (known
as the Bosch process) to the required layer depth. The
reactive etchant is a fluorine radical, typically derived
from a SFg + O, gas mixture (Laermer and Urban
2003) followed by a passivation plasma from C4Fg to
deposit a protective polymer coating to the previously
etched steps.

LIGA using X-rays from a synchrotron (Ehrfeld and
Schmidt 1998) was one of the first truly high aspect
ratio techniques developed. LIGA utilizes the ability
of intermediate energy X-rays (3-10 keV) to penetrate
deep resist layers without significant absorption or
scattering. While the performance is excellent, offering
very high aspect ratios (e.g. 100:1) and deep resists
(500-2,000 pm) with good resolution (1-5 um), the
cost is generally prohibitive. LIGA operates by
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conventional resist exposure through a special mask,
and the exposure time is dominated by the type and
thickness of the absorbing resist layer. Initially, the
LIGA resist was mainly PMMA (poly-methyl-meth-
acrylate), which required 5-10 h exposure at a syn-
chrotron. This has prevented X-ray LIGA becoming a
cost-competitive microfabrication technique, but the
advent of SU-8 resist, which is 100 times more sensitive
to X-rays than PMMA, has reduced the exposure time
from hours to minutes. In all cases the X-ray mask is
typically gold-on-beryllium, expensive ($7,000-10,000)
and available mainly from R&D institutes. For LIGA,
the exposure time for a given resist depth is derived
from the software used (Lawes and Arthur 2004) and
depends on the synchrotron, the beamline design and
type of resist to be exposed.

It was soon realized that the SU-8 resist was sensitive
to UV radiation (g-line, h-line and i-line) and hence
usable with a conventional mask aligner and conven-
tional, commercially available chrome-on-quartz masks
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(Lee et al. 1995). This has given rise to a cost-compet-
itive technique, commonly known as UV LIGA, which
is not only ideal for R&D applications but has also
found its way into industrial production. The physical
processes and manufacturing performance of UV
LIGA (Lawes 2005; Zhang et al. 2004; Chuang et al.
2002) and X-ray LIGA (Griffiths 2004) are now rea-
sonably well understood.

Surface microengineering (Linder et al. 1992) is
similar to conventional semiconductor fabrication in
that thin films (1-5 pm) of polysilicon are deposited on
a silicon dioxide sacrificial layer that can be selectively
removed to leave a free-standing structure. Commer-
cial foundry processes exist with up to 3-5 layers of
polysilicon. It should be noted that relatively modest,
sub-micron semiconductor plants can be adapted or
built to produce large MEMS device volumes at min-
imal cost. Strictly, surface microengineering does not
produce a high aspect ratio structure, and device de-
signs must be limited to near-planar options. However,
it is useful to compare the costs with those of the high
aspect ratio techniques.

Wafer bonding (Schmidt 1998) is included in the
cost model as a high aspect ratio process, as it is often
used to join several layers of a device. Wafer bonding,
using pressure and high temperature, is probably the
cheapest way in which two structured layers, typically
silicon and/or quartz, can be bonded together, e.g. to
form a buried microchannel as part of a device.

The cost of thin film lithography is available in the
model to calculate the cost of devices where CMOS-
like manufacturing processes are included, e.g. where
an expensive but high throughput optical stepper is
used. An example of such a device is a thin film
accelerometer where the electronic signal processing is
manufactured on the chip and the proof mass fabri-
cated by a suitable high aspect ratio process, such as
DRIE.

A general schematic of the various layer-machining
techniques is shown in Fig. 1. Note that the difference
in resist thickness can be of the order of 500:1, and that
the resist-handling and development times will vary
accordingly. The maximum layer thickness that each
technique can micromachine is determined by the wall
angle (which may be non-vertical by a few degrees)
and the tolerances required for the top and bottom
dimensions of the microstructure.

The choice of each machining technology will de-
pend on the materials used, the tolerances required for
the top and bottom dimensions of different micro-
structures and the roughness quality of the deep walls.

Table 1 shows the various aspects that make up the
total time to process a wafer layer for the different

technologies. Typical values have been chosen to
demonstrate the technology, taking into account the
operation of the exposure machine and the associated
resist technology. The maximum number of wafers per
year is calculated, assuming 4,800 h/year are available
after maintenance and unscheduled machine break-
down periods.

4 Financial data

The fixed costs are related to the capital cost of the
machine, including amortization, a fixed percentage
annual cost for electricity, etc. and annual care and
maintenance costs, assuming no output. The variable
costs include the manpower cost to convey and moni-
tor wafer processing through the manufacturing facility
plus the output-dependent consumables and mainte-
nance.

The cost of masks required per year will depend on
the number of different devices manufactured and the
number of layers per device. It is assumed that the
masks are purchased from commercial mask makers,
and hence the cost of masks (Cysk) is a fixed cost in
the current model. For small annual volumes of mul-
tiple designs, the mask costs will be relatively high and
the batch sizes for resist processing less than the
maximum.

The cost of resist processing can be treated in an
identical manner to the equipment, with fixed and
variable components but with the costs based on a
batch rather than individual wafer basis.

As synchrotrons cost $100-500M, are paid for from
public funds and are usually owned by academic insti-
tutions, special financial costing is necessary if a com-
mercial operation is to be established. Conventional
amortization calculations alone are likely to prohibit
“commercial”’ use of a synchrotron, whereas treating
the X-rays offered to industry as ‘“‘spare capacity’ can
yield a commercially acceptable hourly rate. Such an
arrangement will be assumed in the model but with the
wafer scanner and clean room subject to normal capital
expenditure and amortization.

The commercial rates offered are critical to indus-
try’s ability to use X-ray LIGA and rates between $150
and 1,000 have been quoted. $500/h will be assumed in
this cost model.

5 Microfabrication costs per layer

The cost model requires a number of financial
parameters as data input. These include the cost of the
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machine, the amortization period, fixed and variable
costs of both consumables and maintenance to operate
the equipment and manpower hourly rates.

Machine-dependent performance parameters in-
clude the total time to expose a wafer layer, the wafer
diameter, the yield of the process and associated mask
costs (optical or X-ray). The maximum number of
wafers per annum is then calculated in order to
determine the necessary capital investment as demand
increases. Device-dependent parameters include the
area of the device, the number of layers of a particular
technology, and the depth of any high aspect ratio
process. Some of these costs will depend on the num-
ber of different devices to be fabricated per annum
(hence the number of different masks).

For each technology, the costs consist of the fixed
and variable costs of the exposure machine, the resist
processes and the mask costs. Note that resist costs do
not apply to the excimer laser and wafer bonding
techniques and mask costs do not apply to wafer
bonding.

The annual costs may now be calculated from
Equation 1 and the annual unit costs from Egq. 2, by
substituting values from Tables 1 and 2 into Egs. 3-6.

The cost of microfabricating a single layer of a wa-
fer, for a given technology, is shown in Fig. 2, assuming
200 mm diameter substrates and ten different designs
per annum (which determines the total annual fixed
mask cost).

N.B. for clarity, graph markers above 10,000 wafer
layers have been omitted.

As the demand for devices increases, the number of
wafer layers that must be processed increases and
eventually approaches the maximum number that a
single machine can output. There are two consequences.

Firstly, the average time a wafer is queued waiting
for machine access increases, until it reaches unac-
ceptable levels. Secondly, in order to avoid this
eventuality, an additional machine must be pur-
chased, thus increasing the unit costs in a “‘saw tooth”
manner (often referred to as ‘‘granularity’”). Note
that, for the assumptions made for synchrotron costs,
X-ray LIGA with SU-8 resist can be cost competitive
with DRIE for output in excess of 10,000 wafer levels
per year.

Figure 3 illustrates the incremental nature of the
necessary capital investment in equipment for each
processing technology as the annual demand increases.
Even X-ray LIGA with SU-8 resist can require less
capital investment for large volumes. Similarly, UV
LIGA costs are comparable to silicon surface micro-
engineering until larger volumes are required, when
UV LIGA requires more wafer aligners.

@ Springer

Figure 4 (derived from Eq. 3) shows the reduction
of wafer layer-processing costs with volume for the
various processing techniques. It is noticeable that the
reduction in unit costs is much less significant after
about 10,000 wafer layers per year. Figure 4 also
illustrates why R&D costs are so high, for example at
$1,000-3,000/wafer layer, compared with a high pro-
duction rate of $6-30/wafer layer.

The number of chips per wafer Ny will depend on
the wafer area (W) and the device area (A). The unit
cost (Cuypr) to process an individual layer of a device
will then be:

Cr/NsL + Cv
C = 6
UPL Nchip/QL ( )
Nepip  number of chips/wafer (W/A approximately)

(0)3 net yield of good chips for a layer

Figure 5 plots the unit cost per good device layer from
Eq. 7 for A =25 mm” and the yield Q; = 100%, i.e.
1,145 chips on a 200 mm wafer. Figure 5 is perhaps the
most important result from the cost model, as it ulti-
mately determines the cost of manufacturing complete,
multilayer working devices.

Not surprisingly, the costs for X-ray LIGA with
PMMA resist are dominated by the cost of using the
expensive synchrotron for several hours to obtain one
exposed layer of a wafer. Use of SU-8 resist reduces this
component by 85% and enables X-ray LIGA to be more
cost effective. Note that, in the cases of UV LIGA,
DRIE, Bulk and Surface Micromachining, reducing re-
sist-processing costs would significantly reduce costs.

The variation in the cost/wafer level is weakly pro-
portional to the depth of the high aspect ratio struc-
ture, as shown in Fig. 6. The relative expense depends
not only on the capital cost of the equipment but on the
exposure rates and ancillary processes (e.g. resist
technology) that are required.

6 Device costs

The unit manufacturing cost for a device (Cyp) can be
estimated by summing the processes for each of the
(N) layers that make up the device, taking into account
the yield at each layer (which may differ). From Eq. 2,
for all layers of a device,

1/]Vchip

_ . 7
OV Y (CuL)y 7

Cup



91

85-95

Microsyst Technol (2007) 13

yojeq/s1dfem (T o

sosed [eroads 10J $1s05 [RUOIIPPR G'CF

SIBOA ueW A A

IB9A/SIoJem WINWIXEBUW/PUBUIOP = SQUIYORW JO IOqUUNN

00S'€ Ker-x
- - - jysew I1od 00S‘T 1oddoss reondo
00L Iou3ie eondQ
$1S00 YSBN

(uryy ‘doop)
qSE€0 'q€6'0  SE0 €60 L L 00¥'¥9 000¢T 00v'8 000°Ci 000°01¢ Sursseoo1d is1soy
4 4 L or1se 008°C 06€°S 0569C 0SLYET Surpuoq 1oJe M
L6'C L60 L 00S°6S 008°C 0St°6 0ST'Ly 0ST'9¢T SUIUIYORWOIONU Y[NG 19M

(ATuo Aydeidoy)
sTe Sl L 00€°SS 008°C 0SL'8 0SLey 0SL'8TC SuruIyORWOIDIUI 2oBING
«68°C 6€C L 008°0LT 008°C 000°8C 000°0¥1 000°00L d1d9a
VeV ¥8°0 L 008°C1C 008°C 000°S¢ 000°SLT 000°SL8 1ose[ Iowdxy
89C 89°0 L 00€°SS 008°C 0SL'8 0SL‘ey 0SL'81T 8-S VOIT AN
€8 €9 LOS 008vST 008°C 000°Ck 000°01¢ 000°0S0°T (£uo 1ouuEdg) 8-NS VOI'T AeI-X
9vre 9Tre  LOS 008'7ST 008°C 000°Ck 000°01¢ 000°0S0°T  (Auo rouuedss) VININA VOI'T Ael-X

(1o7BM/§ ‘SOIqRWNSUOD (1804/§ 1500) (1ea4/§ AINGSO'0) (1BaA/§ Teaded x o,4)  (1BAA/§ ‘s1eaf G)
I0Jem/g$ -oul) [elo], IoJem/§  U/§ [eI0) [ENUUY  9OURUSIUIRW [BNUUY 1800 [enuUUy pazniowry  ($) rende)

(AD) 1500 Q[qeLIBA

(49) s1500 paxt

IoAe] o[3uls e ssod01d 03 §

A3ojouyoay,

SOI30[OUT59) UOT}EIIIGEJOIDTU SUWIOS I0J §)S0D d[qELIeA pUe PIXI] T dqelL

pringer

Qs



92 Microsyst Technol (2007) 13:85-95
o Xray LIGA (PMIVA) o XrayLIGA(SU-8) ¢ KrayLIGA(PMMA ¢ FrayLIGA(SU-$)
s DRI A _Eimer o Buk - - - -UVLIGA
o u PRI bt :
% Silicon Surface e  Wafer Bonding 10.000 x  Silicon Surface e Wafer bonding
10,000,000 '
—_— A
e N
~ | 5 1,000 T NS
&£ T~
~ LT Y
L, 1:000,000 REBE = ..\\Ef\gs\ "
® ’,AD/ %,_r/ = H :l-) &\.\
9 7 :%%’:,; A 8 10— e 3
o o SIS : BRI
5 MsEIvE ) @ e WLM
£ 100,000 -y ~e. n;\\EQJ\NM
= \ ™~
< »444"’) g 1 e ~
o [3) l"\l\\rjﬁ £
10,000 1
100 1,000 10,000 100,000 100 1,000 10,000 100,000

Number of wafers layers per year

Fig. 2 Cost of microfabrication as output increases (H = 200 um
for HAR processes)
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Fig. 3 Capital investment ($) versus annual wafer layer production

where
N number of layers per device
Op probability that a device has all good

layers = 010,050y = OV

when all layer yields are equal.

Consider a “three-layer polysilicon” surface micro-
engineered technology where the main processes are
photolithography with associated resist processing
(eight masked layers), deposition of polysilicon, oxide
and metal interconnect (ten steps) and pattern etching.

Using Eq. 7, the model predicts a manufacturing
cost of $652/wafer, for an output of 10,000 processed
wafers/year. Typical chip dimensions of 5 mm X 5 mm
enable 1,145 chips to be manufactured at a cost of
$0.57/chip at 100% yield or $0.81/chip at 70% yield.
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Fig. 4 Fabrication costs ($) per wafer layer versus annual
substrate production (H = 200 um for HAR processes)
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Fig. 5 Fabrication costs ($) per device layer (H = 200 pum, chip
area = 5 mm X 5 mm) as wafer production increases

These costs may be compared with those for a
commercial CMOS/MEMS accelerometer, where the
processing electronics and the MEMS device are
integrated into a single silicon chip.

For the CMOS process, the masked lithography steps
are typically 30% of the total chip manufacturing cost.
Assuming a 150 mm wafer line using optical stepper
lithography, a chip area of 4.5 mm?, a multilayer CMOS
process and large-scale volume (for MEMS at 10,000
wafers/year), the cost model estimates $750/wafer for
the signal processing electronics. Introduction of a
DRIE process to fabricate the proof mass of the
accelerometer is calculated to cost $30 which, along
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Fig. 6 Layer manufacturing costs as a function of the depth of
the microstructure at 10,000 wafer levels/year

with a blank silicon wafer cost of $20, brings the esti-
mated total processing cost to $800/wafer.

The number of chips (3,697) is calculated by accu-
rately fitting the chip dimensions to the available wafer
area. Thus, the cost of the fabricated chip at 100%
yield is $0.22/chip and $0.31/chip with 70% yield.

7 Cost reduction by increasing wafer diameter
and reducing chip area

The effect of increasing wafer diameter and decreasing
the chip area can be illustrated using the silicon surface
microengineered device and the MEMS/CMOS accel-
erometer outlined in Sect. 6. From a priori reasoning:

Cost/chip =K A/WF, (8)

where A = area of the chip (mm?), W, = diameter of
the wafer (mm) and K and x are constants, depending
on the number of layers, the technology used, financial
and operational costs and the annual demand for the
device.

According to a report from International Sematech
(Goodall et al. 2002), when the wafer area increases by
>2, the cost of equipment increases by 30-40% for the
same number of wafer starts, i.e. taking into account
that newer machines generally have higher throughput.
This will be assumed when moving from 150 to 200 mm
and from 200 to 300 mm wafer diameters. The exact
fitting of the chip dimensions to the available wafer area
gives the number of chips/wafer as proportional to W5
and inversely proportional to the area of the chip (A).

The constants for Eq. 8 are shown in Table 3 for the
two worked examples in Sect. 6. Note that the values
of K and x are strongly dependent on the cost and
performance assumptions. This is illustrated in Fig. 7,
where the cost/chip as a function of chip area and wafer
diameter, are plotted for the “30%” and “40%”
assumptions.

The methodology may be extended to any MEMS
device by using the cost model to provide data to Eq. 8
to determine the constant K and x.

Assuming a 30% cost progression with wafer
diameter, there is a 20% reduction in $/cm? from
150 mm wafers (4.5 $/cm?) to 200 mm (3.6 $/cm?) wa-
fers and 33% from 200 to 300 mm (2.4 $/cm?).

The effect of defect densities on MEMS device
yields has not yet been satisfactorily analysed, as it has
for semiconductor manufacturing. Neither a suitable
model nor the data for a model are available from the

Table 3 Constants for Eq. 8

Process/device Percentage increase in wafer
cost with Wp
30% 40%
K X K X
Three-layer polysilicon 9.9 1.10 4.1 0.92

CMOS/MEMS accelerometer 14.7 1.14 5.8 0.95
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Fig. 7 Cost/chip as function of wafer diameter and chip area for
a MEMS/CMOS accelerometer; solid line 30%, dashed line 40%
(see text)
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literature; hence it will be assumed that the defect
density is invariant with wafer diameter.

8 Device packaging

Packaging presents a problem for microsystem/MEMS
devices. Unlike semiconductors that need permanent
protection from the environment, many MEMS de-
vices (e.g. pressure and temperature sensors) require
exposure to the environment, albeit through specially
constructed connections, in order to function. Cur-
rently this has led to nonstandard and relatively
expensive packages.

Alternatively, devices such as accelerometers are
hermetically sealed, using standard ceramic packages
developed by the IC industry, e.g. 4.5 x 5 mm, 8-Ter-
minal Ceramic Leadless Chip Carrier (CLCC). With
the increasingly low cost of manufacturing the MEMS
chips in large volumes, packaging can be the dominant
factor in the final cost of the device.

Considering the silicon micromachined, integrated
electronics sensor as before, the chip may cost $0.30 on
a 150 mm line and the packaging a similar amount.
Thus, for a device costing $0.60 to manufacture,
excluding testing and other overheads, 50% of the cost
lies in packaging. As the cost reductions arising from
increasing wafer diameter and decreasing die area ac-
crue, the proportion spent on packaging will rise (on
the assumption that packaging costs are relatively
insensitive to such dimensional changes). This is dem-
onstrated in Fig. 8, for the same wafer and chip area
reductions illustrated in Fig. 7.
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Fig. 8 Relative cost of packaging as a function of wafer diameter
and chip area
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In this example, if commensurate cost reductions are
not made even with standard semiconductor packages,
the relative packaging costs will rise from 50 to 70% of
the total if a 4.5 mm? chip area is reduced to 2 mm?
and to 75% if manufacture is moved to a 200 mm line.

Whilst not within the scope of this study, it is likely
that costs for nonstandard packages will remain at
several times that of standard packages, and hence
packaging costs could approach 90% of total cost, at
least for high volume CMOS/MEMS.

9 Discussion

A wafer layer-by-layer cost model has been developed
for the manufacture of microstructures, including those
with high aspect ratios. Summation of the costs for
each layer enables an estimate to be made for the unit
cost of a multilayer device.

The MEMSCOST model enables all key parameters
to be varied, including wafer diameter and chip area,
and their effect on wafer layer-processing costs to be
assessed. A particular set of assumptions have been
made for the figures shown, for example, a micro-
structure depth H = 200 pm and an annual output of
10,000 wafers. Under these conditions, several of the
high aspect ratio techniques can process a wafer layer
for $20-30 and the attractiveness of UV LIGA is
apparent, as the model shows that a similar cost level
can be achieved. Even the cost of X-ray LIGA with
SU-8 resist is significantly reduced (from $275 to 40 per
wafer layer).

X-ray LIGA using a synchrotron, for the same
application, with a sensitive resist and assuming a
commercially attractive contract with a synchrotron
owning institute, costs around $50-60 per wafer layer.
At first analysis this precludes X-ray LIGA as a cost-
effective manufacturing technique. However, when
consideration is given to the need for very high preci-
sion microstructures, that can be reproduced in an
embossing or injection moulding replication process,
the tool cost-performance results are more favourable.

The capital cost of the different technologies is
strongly affected by the maximum output of each ma-
chine. For example, when demand exceeds this maxi-
mum, additional machines must be purchased and the
capital cost escalates rapidly. The example of DRIE
suggests that UV LIGA and even X-ray LIGA, with a
resist such as SU-8, could be a less capital-intensive
route to manufacture, even though the relative oper-
ational costs are different.

The results currently show general trends only, and
costs may vary considerably depending on the design
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of the device, the depth of any high aspect ratio layers,
the quality of finish required, e.g. wall angle or pattern
tolerances and particularly the materials involved.
Even the purchase price of the equipment can be
negotiable, depending on the state of the equipment
market.

If the wafer fabrication costs are to be reduced
further, for example close to $1/wafer layer, then
attention must be given to machine design parameters
such as higher flux radiation and high speed wafer
handling.

MEMS/microsystem devices are particularly cost-
sensitive to the packaging interface with the environ-
ment, which is often an essential part of their opera-
tion. In contrast, a semiconductor device requires
permanent exclusion of the environment. Standard,
low cost packages for MEMS have yet to be estab-
lished and this makes accurate cost modelling difficult.
It is likely that packaging will remain a significant
(>50%) proportion of the cost of a manufactured chip.

The cost/wafer is inversely proportional to the de-
mand for devices (Eq. 2); hence low unit costs can only
be achieved by large production runs of the same device
and/or a large number of devices/wafer. Fortunately,
this latter requirement is met by the relatively small size
of a MEMS device compared with the wafer area.

A few devices meet the large volume condition
where a dedicated production facility is appropriate,
such as silicon accelerometers and ink jet printer heads,
e.g. 50-200 x 10° devices/year. The cost problem lies
with MEMS devices where the demand can be met by a
few thousand wafers.

Over 30 MEMS foundries now exist, each offering
its own version of a business plan to avoid the prob-
lems described above. For example, techniques such as
multi-project wafers, where the fixed costs are shared
across many devices or where only a few compatible
processes, such as multilevel, silicon surface microen-
gineering, are offered.

Once the microfabrication technology, performance
and cost parameters for each layer have been identi-

fied, the cost model will give a good estimate of the
wafer- and device-processing costs as a function of
demand. This will help to determine whether it would
be economical to build an in-house capability for the
device manufacture, or to use foundry services.
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