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Abstract - We are currently developing a glucose sensor, a microflow sensor, and a
micropump fabricated by surface micromaching for the BioMEMS applicationn. To
improve the selectivity and the reproducibility, the glucose sensor has been made of
the recessed rectangular microfabricated platinum electrode, the inner layer consisting
of two electropolymerized nonconducting films, and the outer layer consisting of
poly (tetrafluoroethylene) and polyurethane films. Deep vacuum microstructures were
used in fabrication of thermal microflow sensors. The heating efficiency of the
microflow sensor on the vacuum cavity is increased by a factor of 58 and 1.7
compared to the structures with residual oxides and the air cavity, respectively. In
addition, the sensitivity using the downstream thermopile is about ten and three times
higher than corresponding values with residual oxides and the air cavity. We
successfully fabricated the surface micromachined microstructures of a thermally driven
micropmump with no virtually process—induced stiction and no residues after HF GPE
(gas-phase etching) of sacrificial oxides on polysilicon substrates. The polysilicon
membrane was used as a structural layer and LTO (low temperature oxide) and
PECVD (plasma enhanced chemical vapor deposition) oxide as a sacrificial layer.
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1. Introduction ducihility of enzymatic glucose sensors must
be improved preferentially, In this study, the

Sensitivity, selectivity, durability, and re- Tecessed rectangular microfabricated platinum
producibility of a biosensor are major char- electrode was used as an electrode to obtain
acteristics to be considered during  its Teproducible electrode surface. To reduce the
development. The electrode microfabricated permeability and to improve reproducibility,
with thin film technology has been used to the immer layer was formed through two
produce highly reproducible electrode surface sequential processes, the formation of a
[1, 2]. However, there is still a limit to poly(7 phenylenediamine) (PMPD) film con-
utilizing microfabricated electrodes in en- taining glucose oxidase {(GOx) and the
zymatic sensors. [t results from the formation of a PMPD film In order to get
difficulty in achieving site-selective and stable current response of the sensor, the
reproducible enzyme immobilization and outer laver was formed with the first Teflon
reproducible polymer deposition needed for laver and the second polyurethane (PU) layer.
more stable and robust sensors. As a We have designed and fabricated deep
result, hoth the selectivity and the repro- vacuum microstructures applicable to va-
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rous especially MEMS
sensors and actuators as basic platforms.
To evaluate effectiveness of the developed
microstructure, a thermal microflow sensor
with a heater and two thermopiles is
implemented on various cavity structures.
We have examined the dependence of the
sensor performance on the cavity type. In
particular, a heating efficiency and ther-
moelectric voltage have been characterized
by wvarying an Input power and a flow
rate of a working fluid.

One of the key processes
micromachining, i1s the dry release of mi-

microdevices,

in surface

crostructures without subsequent sticking of
these structures to the substrate. Recently,
anhydrous HF GPE process was newly
developed for the release of sacrificial oxide
in silicon surface micromachining [3]. The
polysilicon membrane for a thermally driven
micropump is completely released and fabri-
cated by the silicon surface micromachining
of HF GPE process. The GPE conditions
were a process pressure of 50 Torr, a wafer
temperature of 35C, and an initial vapor
pressure in the IPA bubbler of 10 psi at N
flow rate of 1000 scem. The flow rate of the
HF gas was 100 sccm.

2. Results and Discussion

2.1 Glucose sensor

Figure 1 shows a schematic diagram of the
glucose sensor. The immer layer was deposited
site-selectively on the microfabricated platimum
clectrode, whereas the outer laver
deposited all over the surface.

was

5i

Figure 1. Schematic diagram of the sensor
structure; 1, PMPD/GOx 2
PMPD; 3, Teflon; 4, PU.

It has been known that GOx immobili-
zation during the electropolymerization of
poly(phenyienediamine) films performs poorly
below pH 4.5 and above pH 6.9. Accordingiy,
it is required to use an AB (acetate buffer)
solution between pH 4.5 and 69 for GOx
immobilization. The FBS solution cannot be
used for GOx immobilization, even though
PMPD elecctropolymerized in a PBS (pho-
sphate huffered saline) solution showed low
permeability (Table 1). A pH wvalue of 5.6
was chosen for the formation of a
PMPD/GOx film in this study. However,
the PMPD/GOx film electropolymerized in
an AB solution to acetaminophen showed
high permeability (Table 1). To reduce the
permeability, the second laver of a PMPD
film electropolymerized in a PBS solution
was deposited on a PMPD/GOx film. The
permeability of the PMPD/GOx film and
the PMPD/GOx/PMPD film is 10 * 4 and
0.2 + 0.1, respectively (Table 1). It shows
that the permeability was reduced greatly
after the formation of the PMPD film on a
PMPD/GOx {ilm. The permeability of the
PMPD/GOx|IPMPD film was lower than
that of the PMPD film electropolymerized
in a PBS solution (Tabie 1)

Table 1. Permeability of a film to aceta—
minophen in a PBS
containing 2 mM acetamincphen
(permeability = (ifw/ivere)  100%,
fare = 127 + 9 4A cm 9°

solution

polymer i / A cm™>  permeability / %

PMPD’ 32 £ 10 2% + 10
PMPD® 26 t 04 21 + 05
PMPD/GO” 12 % 4 10 + 4
PMPD/GO"|PMPLDF 0.2 + 0.1 0.2 + 0.1

“The data are given as the mean values #
SD (n = 3.

"The film was electropolymerized in an
acetate huffer (pI 5.6) solution.

“The film was electropolymerized in a PBS
{pH 7.4) solution.
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Figure 2. (a) Chronoamperometric  response

of a glucose sensor obtained hy
adding glucose to the stirred PBS
solution. (b) Calibration curve for
current to glucose.

Figure 2a shows a chronoamperometric
response of a glucose sensor obtained by
adding glucose to the stirred PBS solution.
The current response was very stable
irrespective of stirmng, though the outer
layer was thin. When the thickness of the
outer layer was measured with scanning
electron microscopy, it was around 7um.
The response time was short and less
than 10 sec because of both thin outer
layer and wvery thin inner layer. The
calibration curve of the current response
te glucose is shown in Figure Zb.

In this study, large reference and
counter electrodes were used though
working electrode was microfabricated, and
the inner layer was deposited
site-selectively only on the working
electrode, whereas the outer laver were
deposited over the all surface by dip
coating (Fig. 1). On the other hand, the
outer layer can be used as a protecting

layer of microfabricated reference and
counter electrodes. Thus, a microfabricated
glucose sensor using  microfabricated

reference electrode is under development.

2.2 Microflow sensor

A p-type (100) 5" silicon wafer was
used as the starting material. First of all,
a SisN; (1200A) and TEOS oxide (8000A)
film was deposited by LPCVD and
dry-etched to define fine L/S patterns. A
RIE or deep-RIE process was employed in
forming a Si trench array with =5um
depth and then exposed 5i parts were
doped with POCIls diffusion. After removal
of TEOS oxide local oxidation in a
pyrogenic environment gave rise to a
cavity region filled with thick thermal
oxide and microvoid columns. Si3Ng
stripping was followed hy deposition and
BOE etching of a LLTO layer as a oxide
channel. At this time, plugging the
mirovoids with the LTO film ensures a
flat top surface of the cavity region.
Post-annealing of a poly-Si (1.6pm) deposit
was carried out and then the film was
patterned to form etchant passages. The
sacrificial oxides in the cavity region and
the oxide channel were removed by HF
wet etching or gas—phase etching. The
thick poly-Si supporter was thinned to
about 3900A thick with dry etching.
Finally, LTO (=1.0mm) deposition under
0.24 Torr reactor pressure made the cavity
in a vacuum state by sealing up the oxide
channels, and thus the deep vacuum cavity
microstructure with the stacked LTO/poly
-Si membrane planarized was produced.
0.8um CMOS processes were used in
fabrication of the microflow sensor. The
heater and two sets of thermopiles were
implemented on the stacked membrane by
adjusting the sheet resistance of poly-5i
layers with POCl; doping and B"
implantation. The wire-bonded sensor on a
PCB carrier was inserted into the center
of an acryl flow channe! with 10 mm
inner diameter for characterization.
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Vacuum cavity

Figure 3. Plane and cross—sectional views of
the fabricated microstructures:
{a—c) vacuum cavity structure and
{d} thermal microflow sensor.

Figure 3 illustrates plane and cross—sec-
tional views of the vacuum cavity struc—
ture and the microflow sensor fabricated.
The vacuum cavity of 200><200><6.2um3
with the excellent smooth membrane is
successfully formed. Moreover, by using
the deep-RIE process, we can make the Si
trench patterns with hundreds mm depth.
Hence, the DECTOR {deep cavity using
trench oxidation release)
based on silicon surface micromachining is
very manufacturing  the
planarized vacuum cavity structure of
which the size and depth can be easily
controlled. The microflow sensor on the
stacked membrane of 100pm by 100m is
shown in Figure 3(d). Initial status of the

and process

effective for

vacuum cavity structure is preserved even
if a senes of CMOS batch processes using
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Figure 4. Temperature rises of the heaters

on various cavity structures as a

function of the input power.

six mask levels is additionallv performed
on it. Hot and cold junctions of the
thermopile are located on the vicinity of
the heater edge and the exterior part of
the membrane, respectively.

From I-V slopes of the poly-35i heaters,
heating efficiencies on the various cavity
structures have been quantitatively charac-
terized as shown in Figure 4. For the
structure with residual oxides (7o), sac-
rificial oxides in the cavity region were
intentionally not removed, whereas the air
cavity structure (a/c) had a cracked pattern
around ~ membrane edges. The thermal
resistance (Rg) is increased on the sequ-—
ence of residual oxides<air cavity<wvacuum
cavity. Thermal loss from the resistor to the
substrate is reduced to approximately 1/3.4
for the air cavity and 1/5.8 for the vacuum
cavity compared to the case with residual
oxides. The RyyRes ratio of 1.7 is higher
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Figure 5. Effect of the air flow rate on a
downstream thermopile output
using 18 T/Cs fabricated on the
structures  with residual  oxides
(a) and the vacuum cavity (b):
Internal resistance of the ther-
mopile is 2.5 M.



than the result of 1.33 using simple heaters
of 252 kQ on 200X200%X2m’ cavities [4].
Considering the complex microstructure on
the smatler membrane of 100X IOOMH2 used
in the present work, a main contribution fo
this variation may be due to the difference
in depths of the cavities employed.

Figure 5 shows the dependence of a
downstream thermopile output (Ug) on the
air flow rate (Qur) passed through the
flow channel. The equivalent flow speed is
in the range 0-0.2122 m/s. The distance
between the hot junction and the heater
edge is 13mm for the case with residual
oxides and 17mm for the vacuum cavity
structure. As far as the former case
concerned, the output is
proportional up to a certain flow rate, for
example, 200 scem at 10 mW, that gets
higher with increasing the input power.
Then, the signal has a monotenic decrease
as the flow rate is elevated. This behavior
implies that a predominant mode of heat
transfer for the working fluid around the
sensor body is changed with the flow rate.
At low flow rates the effect of natural
convection could not be negligible, while
at  high flow convection
governs variations of temperature profiles
and thus the heater temperature is lowered
with the flow rate [5]. The sensitivity in
the second lmear range is 146 %107
mV/Am/s)/mW  (Sy) at 10 mW
power, and it slightly increases as 3.15X
10% mV/(m/s)/mW at 100 mW. The
sensor on the vacuum structure displays
somewhat different behavior that the first

downstream

rates  forced

input

linear range aforementioned can not be
discernible. A small change m the input
power from 5 to 10 mW bhrings about a
significant variation in the sensitivity of

358%107%  mV/Am/s)/mW to 153x10"
mV/(m/s)/mW (Sy.). Under the same
condition of 10 mW input power, the
sensitivity  becomes about ten times
increased value compared to the sensor
with residual oxides. Rough estimation
indicates that the sensitivity ratio of

Sy//Se is larger by a factor of about two
than the value of RssRer in Fig. 4. On
the basis of this analogy, Sv. may be
about three times as high as that of the
sensor with the air cavity structure.

2.3 Micropump

A 5 inch p—type (100) silicon wafer with
resistivity of 1-30Qcm was used as the
substrate. In order to evaluate the effecti—
veness of HF GPE process, we fabricated
test patterns of the micropump in the sur-
face micromachining. After standard initial
cleaning, Si0: (1000A) and SisNa (2000A)
layers were deposited on the silicon
substrate by thermal oxidation and LPCVD
(low pressure chemical vapor deposition)
process. And then 5000A polysilicon was
deposited for bottom heater and nn~ doping
with POCl; diffusion at 900°C for 30 min.
The polysilicon heater was patterned by
conventional optical lithography using a g-
line wafer stepper (Nikon, NSRI1505G3A).
After 1000A oxidation by PECVD, 2000A
polysilicon or nitride lavers was subse-
quently deposited by LPCVD and heater
area opened by RIE (reactive ion etching).
A 2-6pm—thick sacrificial layers of LTO
and PECVD deposited  and
corrugated with 0.8-2pm  thickness for
these oxides. 1-Zgm—thick polysilicon mem-
brane is deposited in a LPCVD reactor at
650T and 200 mTor using SiHa  After
etching the polysilicon structure pattern,
the etch holes of 1gm diameter with S
distance on the membrane of 2000
diameter were opened by drv etch and 61
BHF wet etch processes. Metal layver of
Al-1% Si (1.0pm) is sputtered and pattern-

oxide are

ed. Alloy process is finished using by
annealing process of 400C in NxH:
ambient. The polysilicon membrane was

released from the underlying substrate by
the GPE of the sacrificial oxide through
the etch holes. After the GPE of sacrificial
the oxide thickness and etched
surface were measured and observed using
scanning electron microscopy  (Hitachi,

oxides,




S800). After the GPE, the surface micro-
machined membrane is coated by positive
photoresist (PR} (Tokyo Ohka Kogye Co.,
TSMR GA-2) at 4000 rpm, followed by
soft bake at 90 for 90 s on a hot plate
and hard bake at 120TC for 10 min in a
convection oven. Finally, the membrane is
packaged with a glass plate in which a 40
un—depth microchannel was engraved.

As shown in Fig. 6, newly developed
HF GPE has hbeen emploved to release
membrane for thermally driven micropump
{a) through the etch holes of lgm diameter
with the gap of bum. SEM photographs
show {(a) overall view and cross-sectional
views of (b) etched pattern, (¢) membrane
and heaters after HF GPE of 4gm-thick
LTO, (d) clogged etch heoles and (e)
membrane after PR coating. We
successfully fabricated surface microma-
with  no  wvirtually
process-induced stiction and no residues

chined micropump

on polysilicon substrates.

Figure 6. The
silicon surface micromachining
(a) overall view, (h)etched pattern,
(c) membrane and heaters, (d)
clogged etch holes, and (e) coating.

fabricated micropump by

3. Conclusions

In the glucose sensor, the inner laver
that is site-selectively and reproducibly

formed and highly selective has been
obtained on the microfabricated electrode.
The permeability of the inner layver to
acetaminophen decreased with the electro-
polymerization of maore selective PMPD
film on the electropolymerized PMPD/GOx
film.

Deep with
planarized LTO/poly-Si membranes have
been fabricated by silicon swrface mic-
romachining. By employment of the Si
in the starting step, the

vacuuam microstructures

trench array
dimension of the wvacuum microstructure
can be easily controlled. The thermal
microflow sensor on the vacuum structure
significantly reduces thermal loss from the
heater to the substrate, which results in
lower power consumption by a factor of
1/5.8 and 1/1.7 compared to the structures
and the air cavity,
respectively. Its sensitivity measured with

on residual oxides
the downstream thermopile becomes about
ten and three times higher than the other
cases.

The GPE with anhvdrous HEF gas and
alcoholic vapor was verified as a very
effective method for the dry release of
microstructures. We successfully fabricated
surface micromachined micropump with no
virtually process-induced stiction and no

residues after the GPE of LTO on
polysilicon substrates. The surface micro-
machined membrane 1s coated with

positive PR of 0.7um thickness and covered
by the glass plate with the 40mm-depth
microchannel. The proposed HE GPE
features  simplicity  and  even
compatibility with IC process as well.

process
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