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Abstract

Development of 0.36-mm? (0.6-mm []) solid-state
CMOS-compatible glucose fuel cell, which delivers
10%-yield and the world’s highest open circuit voltage
(OCYV) of 370 mV, has been presented. By introducing
the repeated separator coating, the electrical shortage
between the anode and cathode can be avoided, result-
ing in higher yield when compared to that with the
conventional single coating. The higher yield allows im-
provement of peak OCV. The measurement results
show a 370-mV OCYV and 12% yield with a 30 mM glu-
cose solution.

1. Introduction

Bio fuel cells is one of the most preferable power sources
for biomedical IoT due to its inherent stability[1-3]. In ad-
dition to its stability, bio fuel cells can be used not only
power sources but also sensing transducer by exploiting its
selectivity[4]. In spite of these advantages, their application
is not yet broadened because of its low output power and
yield.

The previous work presented the world’s smallest 0.36
mm? (0.6 mm []) CMOS-compatible solid-stage glucose
fuel cell that generates 228 mV OCV [3]. However, its
OCV is insufficient for practical application since the op-
timum supply voltage for CMOS LSI design is almost same
as transistor’s threshold voltage [5]. Besides, yield for
driving 180-mV CMOS processor [6] of the previous work
is only 1.5%.

For addressing this issue, this work presents a 0.36 mm?
solid-stage glucose fuel cell that generates 370-mV OCV,
which is highest record as glucose fuel cells whose size is
smaller and equal to 1 mm?. As well as OCV improvement,
yield (180-mV threshold) is improved from 1.5% to 12%
which corresponds to 8 times. Since yield degradation can
be caused by electrical shortage between the anode and
cathode in the latter cathode forming, the conventional sin-
gle separator layer (Nafion) coating is assumed to be one of
the bottlenecks. For addressing this bottleneck, we have
newly introduced the repeated coating and verified its ef-
fectiveness for the first time.

2. Wafer-scale development of glucose fuel cells
Figure 1 shows the structure and operational principle of
the developed fuel cell. The fabrication of wafer-scale glu-
cose fuel cell is based on previous works [1,3]. The con-
ceptual image of development process is shown in Fig. 2.
The summary of developing process is as follows:
1) We used a 6-inch silicon wafer of 625 um thickness
with 1 um thermal oxide. Each fuel cell is devel-
oped in 0.36 mm? (0.6 mm x 0.6 mm).
2) Ti/Pt deposition for the electrode.
3) Al deposition on the Pt in the anode area. We form

Pt/Al alloy in the anode by annealing. After an-
nealing, we etch Al from the alloy. And we formed
porous Pt layer in the anode area.

4) A Nafion membrane is formed as a cation exchange
layer. To make Nafion layer thick, we repeated
spin-coating twice. Formed thickness was 100 nm.

5) A carbon nanotube (CNT)-based cathode is devel-
oped by coating of CNT/Nafion solution.

In above process, the difference from [3] is regarding to
process 4). The spin-coating process of Nafion layer was
repeated twice to make thick layer because Nafion layer
forming is difficult especially in small size [1,3]. In process
5), the solution degrade the separator (Nafion) layer and
may penetrate into the anode, which results in electrical
shortage and malfunction.

3. Prototype and measurement setup

Figure 3 shows the developed prototype and measure-
ment setup. The developed wafer was cut into each
0.36-mm? device by stealth dicing. We used a DC mul-
ti-contact probe, a tester (U1252A, Agilent Technologies)
and a SMU (GS610, Yokogawa) for electrical performance
measurement. Phosphate buffered saline (PBS)-based glu-
cose solution was dropped on the anode and cathode area of
the fuel cell with a micropipette. D(+)-Glucose (Wako) and
PBS 10X (Irvine Scientific) was used for body fluid simu-
lated solution. We used 30-mM glucose solution to prevent
the fuel cells from lack of glucose in all the measurement in
this work.

4. Measurement results

Figure 4 shows the polarization curve of the cell which
has highest OCV in the measured samples. The polarization
curve is based on data from the SMU. We controlled cur-
rent and measured voltage in the measurement. Some of the
measured current has multiple data because the output
voltage changes slightly during measurement. We consider
that this output fluctuation is caused by unequal fuel diffu-
sion. The OCV is 370 mV. The peak power is 108 pW
when the current is 1.0 nA and it corresponds to 0.27
uW/cm? and 2.5 pA/cm? The voltage drop rapidly in low
current is considered to be caused mainly by activation
losses. The linear voltage drop in the middle range is con-
sidered to be caused by ohmic polarization. The drop in
high current area is considered to be a diffusion polariza-
tion caused by diffusion control. These polarizations are
common phenomena in fuel cells.

Figure 5 shows the performance variation of measured
49 samples and comparison with prior work [3]. It shows
the yield of this work is superior than that of [3]. Ratio of
samples with less-than-2.5mV OCV of decreases from 58%
to 43%. Sample ratio that have 100 mV or higher OCV is
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22%, which is about 4.9 times. That of 150 mV is 14%,
corresponds to 9.4 times. That of 200 mV is 10%, 13 times.
All comparison is to that of the previous work [3].

Table I is performance comparison with prior works
about wafer-scale-developed glucose fuel cells. This work
achieved the highest OCV within 1 mm? devices. In terms
of power density, this work inferior than other works. De-
spite of lower output power, higher OCV is preferable from
the viewpoint of circuit design [5].

";"ffil.\réa of 0.36 mm? fuel cells
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with previous works fabricating 1 mm? or smaller devices.
Compared with conventional sub-mm? glucose fuel cell, Fig. 3. Photograph of the developed prototype and
sample ratio with sufficient OCV increased. We consider measurement setup.
that the repeated Nafion separator coating is an effective a00 03 __
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improvement by a factor of 8. The verified highest OCV
was 370 mV, which is higher than energy-minimum point

of CMOS LSls. Fig. 4. Output voltage and power density dependence on
Acknowledgement: Supported by the PRESTO, JST, output current density.

Grant-in-Aid for Young Scientists (A) and SCOPE.

References & :

[1] B. I. Rapoport et al., PLOS One 7, 38436 (2012) * This:work

[2] R. Cabrea et al., ECS Trans. 72 [3], 31 (2016)

[3] S. Arata et al., Jpn. J. Appl. Phys. 57, 04FM04 (2018)
[4] A. Kobayashi et al., IEEE TBioCAS 11, 1313 (2017)
[
[

= Conventional

5] B. H. Calhoun et al., IEEE JSSC 40, 1778 (2005)
6] A. Wang et al., IEEE JSSC 40, 310 (2005)

Anode
e-Ile_ Cel 1206+ H;0 = CeHin0,+ 2H' + 2¢°
Cathode

30,+2H* + 2e > H,0

Sample ratio [%]

‘Anode swalra(or Cathode Whole i
.;::::‘"ge csleolu"';oz_' CeH,20;
130V OCYV distribution [mV]
H % PBS-based Fig. 5. Performance variations comparison with conven-
|l luti . . .
Glucoscll  S1cose solution tional fabricating process.

It A L )

\ Y Y Y
Siwaferwith oo < pt Nafion CNT
thermal oxide

Table I Performance comparison with previous works.
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Fig. 2. Conceptual image of the development procedure.
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