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Abstract

In the present work, gas sensor arrays consisted of four different sensing materials based on CuO and their deposi-
tions on the MEMS microheaters were designed, fabricated and characterized. The sensor array is consisted with CuO,
CuO with Pt NPs, ZnO-CuO and ZnO-CuO with Au NPs and their gas sensing properties are characterized for detec-
tion of exhaled breath-related VOCs. Through MEMS microheaters, power consumption is considered for application
to healthcare devices which requires ultrasensitive acetone gas sensitivity. Also, using the principal component analy-
sis, it enables to discriminate acetone gas, a biomarker for fat burning during diet, with other VOCs gases. The device
would be applicable for on-site diet monitoring in the field of mobile healthcare.
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Introduction

Volatile organic compounds (VOCs) include both man-
made and naturally occurring organic chemicals which
easily evaporate or sublimate from the liquid or solid
because of its low boiling point [1]. Recently, VOCs in
exhaled breath is also active research field of gas sen-
sors. Exhaled breath contains more than 900 VOCs that
are the products of metabolism and these gases such as
acetone, NO,, NH;, and H,S have been acknowledged as
key biomarker gases to diagnose various diseases includ-
ing diabetes, asthma, lung cancer etc. [2—4]. For example,
acetone has been studied as a biomarker because of its
correlation with fat-burning through ketone body metab-
olism [5-7]; in the evaluation for type-1 diabetes, its
concentration increases from 300 to 900 ppb for healthy
people and exceeds 1800 ppb for diabetic patients [5, 7,
8]. Therefore, its examination can potentially become a
new standard for diet monitoring. Metal oxide materials,
which is commonly used sensing materials for VOCs gas
sensor, have advantages of high sensitivity, fast response/
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recovery time and low cost [9]. However, they have criti-
cal drawback of poor selectivity which means they also
showed good response to other gases as well as target
gas. Also, the concentration of VOCs in exhaled breath
is very low as ppb level, it is required to develop ultrasen-
sitive gas sensors to detect the VOCs in exhaled breath.
In this paper, we fabricated gas sensors using the synthe-
sized different copper oxide (CuQO) based nanomaterials
[10, 11] and enhanced the gas sensitivity and selectivity.
For the operation of CuO based gas sensors, it is required
to be heated to temperatures in the range of 150-300 °C.
In this point of view, microheaters have been studied and
integrated in the sensor fabrication process since micro-
sized devices are preferred for lower power consumption
[12, 13]. Using complementary metal oxide semiconduc-
tor (CMOS) compatible MEMS processing is advanta-
geous for developing the complete sensor platform on a
single chip [14].

Principal component analysis (PCA) is a very useful
classification technique widely used in the gas-sensing
area [15]. The metal oxide semiconductor gas sensors,
have an advantage of broad-spectrum responses in them-
selves. This can meet a strong demand that the prod-
ucts composed of many components may be identified
using the sensor array. The PCA method was applied for

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0003-1067-292X
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40486-021-00136-1&domain=pdf

Lee et al. Micro and Nano Syst Lett (2021) 9:10

analyzing distribution of high-dimensional sensing data,
in which it is possible to examine the characteristics by
a dimension reduction through projection onto the cho-
sen principal components. PCA seeks a projection that
represents the data effectively in a least-squares sense,
in which PCA projects d-dimension data onto a lower-
dimension subspace in a way that is optimal in a sum-
squared error sense [16].
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Design

Fabrication of sensor arrays on printed circuit board
MEMS microheater was designed and fabricated at
ETRI foundry Fab using the CMOS and MEMS fabrica-
tion protocols. Four MEMS microheater substrates were
bound to the printed circuit board (PCB) through Au
wire bonding. To deposit the sensing materials on MEMS
microheater substrate, powder phase sample was mixed
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Fig. 2 Resistance characterization of MEMS microheater at various

temperature in the furnace system

with the binder and deposited at a specific location using
the glass fiber through the optical microscope. HKUST-1
based CuO, HKUST-1 based CuO with Pt NPs, ZnO-
CuO hollow nanocubes and ZnO-CuO hollow nano-
cubes with Au NPs were used as sensing materials and
they deposited to the substrate.

Measurements of gas-sensing properties

Sensing properties were observed using a data-acqui-
sition system (DAQ), having Agilent 34,970 A and the
BenchLink Data Logger program, and the sensor arrays
were put within a chamber. The balance gas was mixed
with dry air and wet air (total 1000 cc/min), and ana-
lyte gas was obtained from RIGAS Co., Korea at 10-100
ppm. Mass-flow controllers were used to blend analyte
gas with a balance to get the concentrations (100 ppb to
10 ppm). The gas response was observed by making the
gases to flow to the test chamber. And then, the balance
gas was flowed to the test chamber to recovery.
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Results and discussion

Figure 1 shows a schematic illustration of the fabrica-
tion of micro-hotplate heater. DC voltage was applied
to microheater through the power supply and resistance
was calculated through Ohm’s law. Heater resistance
according to certain temperature was characterized in
the tube furnace to estimate the temperature of MEMS
gas sensors and Fig. 2 shows the resistance charac-
terization of MEMS microheater at various tempera-
ture in the furnace system. As shown in Fig. 3, sensing
materials were deposited on interdigitated electrodes
and four different sensing materials, HKUST-1 based
CuO, HKUST-1 based CuO with Pt NPs, ZnO-CuO
core-hollow nanocubes and ZnO-CuO core-hollow
nanocubes with Au NPs, were deposited to MEMS
microheater substrate and bound to PCB through Au
wire bonding (Fig. 4).

The responses of CuO, CuO with Pt NPs, ZnO-CuO
hollow nanocubes and ZnO-CuO hollow nanocubes
with Au NPs on MEMS microheater toward acetone,
formaldehyde and ethanol are shown in Fig. 4. Accord-
ing to previous data, synthesized CuO based materials
also showed good response to formaldehyde and etha-
nol not only acetone. Since selectivity of VOCs gas sen-
sors with metal oxide materials is one of the drawbacks
to improve, we tried to characterize the sensing prop-
erties of these three VOCs gases by the fabrication of
sensor arrays and distinguish acetone gas from them.
First, response of each CuO based materials to acetone,
formaldehyde and ethanol at different operating tem-
perature was characterized (Figs. 4 and 5). The oper-
ating temperature was calculated through T = 3.8774
r-435.37, where r is the resistance of MEMS micro-
heater as calculated in the Fig. 2. The response values
were observed at exposure of 1 ppm acetone, formalde-
hyde and ethanol with dry air condition since acetone
concentration within the exhaled breath of the healthy
people was assumed to be approximately 1 ppm.
Among the VOCs, acetone shows the highest response

microheater (c)

Fig. 3 Optical images of MEMS microheater (a), with deposition of sensing materials (b) and SEM image of deposited sensing material on MEMS
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Fig. 4 Response of CuO, CuO with Pt NPs, ZnOCuO hollow nanocubes and ZnO-CuO hollow nanocubes with Au NPs to acetone, formaldehyde

value when the temperature is low as 170 °C in the case
of ZnO-CuO hollow nanocubes. Also, other sens-
ing materials shows the highest response to acetone
in some cases. To optimize the operating temperature,
sensor arrays exposed to 1 ppm acetone with different
applied voltages and each sensing materials showed the
highest sensitivity at different conditions as shown in
Fig. 5. HKUST-1 based CuO and its noble metal dop-
ing materials showed the highest response to acetone
when the applied voltage was 2.9 V (equivalent to about
280 °C) while the optimized applied voltage was under
2.4V (equivalent to about 190 °C) in case of ZnO-CuO
based materials. The gas response was measured in a
wide range of acetone concentrations from 0 to 1500
ppb and linearity of responses to analyte concentration
was observed (Fig. 6). The response can be measured
up to 40 ppb, and the limit of detection is estimated
as 9 ppb. Although the response of acetone gas was
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Fig. 5 Response of MEMS sensor arrays for acetone 1 ppm as a
function of applied voltage
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highest among other VOCs gases and optimized con-
ditions for detecting acetone gas was characterized, it
is difficult to distinguish acetone with similar struc-
tured gases such as ethanol and formaldehyde through
response value. Response is dependent to the analyte
concentration so that it cannot be distinct parameter
for specific gases. As a result, it is required data pro-
cessing techniques and PCA analysis was used in this
paper to show that acetone gas could be distinguished
among other test VOCs gases (Fig. 7).

Conclusions

Sensor arrays consisted of different CuO based sens-
ing materials was designed and fabricated with MEMS
microheaters, and sensing properties were characterized.
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Among CuO, CuO with Pt NPs, ZnO-CuO and ZnO-
CuO with Au NPs, ZnO-CuO showed the best response
to acetone, and stable operation of our fabricated sensor
was confirmed at the humid conditions such as exhaled
breath. Through applying MEMS microheater to sensor
arrays, power consumption was reduced to 34—50 mW
for each sensor. Also, PCA analysis showed that acetone
gas could be distinguished with other test VOCs gases.
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