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A B S T R A C T

Aluminum is widely used as a conductive material in the semiconductor and electronics fields. However, the 
inevitable formation of an oxide layer on its surface during atmospheric heat treatment accompanying the 
fabrication process increases surface resistivity. This necessitates a surface treatment to mitigate the negative 
effects of the oxide layer. In this study, a silicon chip containing aluminum wires was immersed in a 0.1 wt% 
citric acid solution as a simple surface treatment technique. In situ electrical current measurements from arrays 
of aluminum wires located on the silicon chip were performed during the treatment. X-ray photoelectron 
spectroscopy and infrared spectroscopy were conducted before and after the treatment. The results revealed a 
significant removal of the contamination/oxide layer formed on the chip surface, and the outermost stacked layer 
on the aluminum surface turned hydrophilic (ca. 0.3 Å/min at 50 ◦C), resulting in a considerable decrease in the 
electric resistance around the surface. As a demonstration, a sensor made of Al and Au arrays was placed on the 
silicon chip, and the citric acid treatment helped enhance its response to humid air by more than 1000, with the 
steady current response realized in a treatment time of 2–3 min. This promising surface treatment method is 
expected to help enhance the removal of oxide layers formed on metal-based components.

1. Introduction

Aluminum is widely used as a conductive material for electric wir
ings in the semiconductor and electronic fields. During the fabrication 
process of semiconductor chips and integrated circuit boards, an oxide 
layer is inevitably formed on the aluminum surface in air. This oxide 
layer spontaneously grows during heat treatment processes, such as 
solder reflow and resin molding, which are generally conducted in the 
mounting or packaging steps [1]. The thickness of the aluminum oxide 
layer (AOL) formed mainly depends on the time and temperature of the 
heat treatment processes [2,3]. The AOL layer is responsible for the 
surface passivation or corrosion of aluminum [4]. Conducting the heat 
treatment in vacuum may help suppress the growth of the AOL on the 
aluminum metal surface, given the absence of any vapor source or 
oxidizing gas. However, this incurs additional costs, particularly for the 
mass production of semiconductor processing technologies. Therefore, 
an appropriate surface treatment to adequately remove or suppress the 
AOL while preserving the excellent surface reactivity of aluminum is 
warranted.

A small amount of condensed liquid water or aggregated adsorbed 
water molecules can be successfully detected using arrays of Al and Au 

metals (micro width) arranged with interdigitated displacements with 
sub-micron gaps on a silicon chip covered with an insulating silica layer. 
A galvanic current flows between the Al and Au arrays when the liquid 
and aggregated adsorbed molecules of water contact along the adjacent 
lines to form a bridge, and the current is then measured [5,6]. This 
principle can help detect the early stages of dew condensation and 
measure small amounts of transpiration of plants and evaporation of 
sweat; thus, it has promoted the development of chips, packages, and 
electric circuits for sensor applications. The metal lines on the sensor 
chip are exposed to air during the fabrication process, particularly 
during heat treatment processes, such as solder reflow and the mounting 
process for the mold package and electronic circuit board [7]. The AOL 
is easily formed on the aluminum metal line, leading to an increase in 
the electrical resistance between the Al and Au lines, that is, the decrease 
in the galvanic current corresponds to the sensitivity of the sensor 
application. Therefore, the removal of the AOL on the aluminum surface 
as well as the suppression of its growth during the fabrication and 
mounting processes of the chip, is paramount to ensuring the quality of 
the fabricated chips.

To date, numerous methods have been reported for AOL removal [8]: 
1) Mechanical methods employing polishing, scraping, or brushing. 
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These methods, however, are ineffective in removing oxide layers 
formed on curved or rough surfaces. 2) Laser-controlled methods, which 
can effectively remove the AOL from mainly flat surfaces while reducing 
substrate damage and environmental contamination [9]. These methods 
require additional safety measures and are uneconomical. Furthermore, 
they cannot provide effective AOL removal from finely textured struc
tures, such as our developed chip, as mentioned above. 3) Acid treat
ment methods employing ammonium bifluoride, phosphoric acid, citric 
acid and aluminum chloride/ionic liquid [10–12]. These methods are 
preferable in terms of environmental and substrate protection and are 
expected to work effectively to reduce the AOL in designed structures.

Citric acid (CA, chemical formula: C6H8O7), which is a natural 
organic polycarboxylic acid, is a representative cost-effective candidate 
that has been used in acid treatment methods 3), given its nontoxicity 
and presence of three reactive carboxyl groups [13]. Some researchers 
have demonstrated its effective use as a cross-linker agent [14–17], a 
disinfectant and an environmental remediation precursor [18], and a 
sterilizing agent [19,20]. Another study demonstrated the interaction 
between CA and the formed AOL. An aqueous solution of CA formed a 
complex with the AOL. This complex was easily rinsed with some 
amount of water. Thus, the recovered surface of the Al electrode was 
obtained [21,22]. The effect of CA concentration was previously 
examined, and 0.1 wt% of CA can be considered the effective concen
tration for AOL removal. Higher concentrations may lead not only to the 
complete removal of AOL but also to the dissolution of aluminum metal 
[23]. However, the reaction mechanism of the AOL with CA remains 
unclear, particularly from compositional and kinetic standpoints related 
to the changes in the surface structure of aluminum.

The objective of this study was to examine the effect of 0.1 wt% CA 
solution on the oxide layer formed in Al lines in a fabricated chip. For 
this purpose, the temporal change in the galvanic current measured from 
the chip was evaluated from a kinetic standpoint during the treatment 
process with the CA solution at different temperatures. In addition, the 
surface state of the chip containing Al upon CA treatment was charac
terized using microscopic observations and spectroscopic analyses from 
a compositional standpoint. Moreover, the current response at a set 
humidity for sensor application was compared among the tested chips 
treated by CA at various temperatures and accumulation times to opti
mize the treatment conditions for the aluminum lines on the chip.

2. Experimental procedure

2.1. Preparation of test chip and measurement of current from chip

The fabrication of the test chip used in this study has been described 
in detail elsewhere. Briefly, a wiring process was used to prepare line 
patterns of Al and Au metals, mainly through the repetition of organic 
resist coating, photolithography, metal deposition, and lift-off [24]. All 
the materials used for the chip were of semiconductor fabrication grade. 
In this study, the lines of Al and Au were 150 each in number and 2.0 and 
0.2 μm in width and height, respectively, and 0.5 μm in space between 

the adjacent lines. Packaging of the chip has also been described in detail 
elsewhere. Briefly, the chip was placed on an Al lead frame, followed by 
wire bonding and resin molding at a temperature of 175 ◦C for 120 s in 
air [7]. The galvanic current between the Al and Au lines on the chip was 
measured using an electronic circuit board, as shown in Fig. 1, to 
amplify the analog signal from the chip and output it in both analog and 
digital formats to external data processing instruments, such as a PC and 
data logger. The chips and the electronic circuit boards used in this study 
were fabricated by Aquze Co., Ltd.

2.2. Surface treatment of chip with citric acid

Fig. 2 shows a schematic of the experimental setup used for the 
surface treatment of the test chip with the citric acid (CA) solution, as 
illustrated by the cross-section of the electronic circuit board equipped 
with the chip, as shown in Fig. 1. Twenty microliters of 0.1 wt% CA 
aqueous solution was prepared using CA (Kanto Chemical Co., Inc., min. 
99.0 % in purity) and ultrapure water (Merck Millipore Corporation, 
Direct-Q UV3) and dropped onto the chip surface, whereas the CA so
lution was contained in the frame of the mold resin surrounding the 
chip. The temperature of the chip surface was controlled using a 
temperature-controlling instrument (model: CPS-30; AS ONE CORPO
RATION) by thermal conduction through the components of the 
experimental setup, as illustrated in Fig. 2. The temperature of the test 
chip was calibrated in advance using previous techniques [7] and set to 
25, 50 and 75 ◦C in this study. The electric current from the chip was 
measured for up to 20 min at intervals of 1 s using an electronic circuit 
board composed of an amplifier and an A/D converter, as shown in 
Fig. 2. Electrical measurements were performed thrice at the set tem
perature. Finally, the test chip was thoroughly rinsed with ultrapure 
water and dried under nitrogen gas flow. Specifications and suppliers of 
the experimental materials are listed in Table 1.

Fig. 1. Image of an electronic circuit board equipped with a chip for electric current measurement, on which lines of Al and Au are arranged like interdigit, as drawn 
schematically; electric current flows between the Au and Al lines in contact with water.

Fig. 2. Schematic of the experimental setup used for the surface treatment of 
the test chip with citric acid (CA) solution under temperature control and 
measurement of the current from chip.
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2.3. Characterization of chip surface

The surfaces of the test chips were examined under an optical mi
croscope (KEYENCE, VHX 7000 series) and a field-emission scanning 
electron microscope (SEM; Hitachi Co. Ltd., TM4000). The chemical 
binding state of the chip surface was examined using X-ray photoelec
tron spectroscopy (XPS; ULVAC ESCA1600). XPS observations were 
performed thrice (with Mg–Ka source; 1253.6 eV and 400 W) for each 
spectrum, and the average was taken. For the overall composition 
analysis (hereinafter wide scan), a pass energy of 117.4 eV, a dwell time 
of 5.0 × 10− 2 s, and an analysis step of 1.0 eV were used. For the curve 
fitting analysis (hereinafter narrow scan), the spectra were acquired 
with a pass energy of 23.5 eV, a dwell time of 1.0 × 10− 2 s, and an 
analysis step of 0.1 eV. The pass energy and dwell time were machine- 
dependent. After the narrow scans were performed, the narrow scan 
spectra were processed using the ULVAC-PHI MultiPak software for 
curve fitting to extract the differences in the chemical binding state. 
Curve fitting was automatically performed using the Gaussian least- 
squares method. Given the anticipated presence of a thin layer 
composed of metal, reduced native metal oxide, and metal carboxylate 
on the Al surface following the CA treatment, the Gaussian fitting 
method was selected as one of the most averaged and applicable fitting 
methods for various elements. However, because the top surface layer is 
thin, some elements may have noisy peaks, and the Gaussian fitting 
method inevitably results in a considerable error in the peak tail regions, 
a fitting percentage of 80 % or higher was considered acceptable in this 
study. In addition to the normal scanning mode, an angle-resolved mode 
with different detection angles was used. Attenuated total internal 
reflectance Fourier-transform infrared spectroscopy (ATR-FTIR; SHI
MADZU Corporation, AIM9000) of the chip surface was performed to 
identify the chemical structure of the composite generated on the 
surface.

2.4. Measurement of sensor response to humid air

Fig. 3 illustrates the experimental setup used to measure the sensor 
response under controlled relative humidity. The chip surface was 
exposed inside the chamber, and the temperature of the sensor surface 
was controlled at 20 ◦C using the technique described in Section 2.2. 
After the introduction of compressed air with a relative humidity of 
approximately 15 % at 25 ◦C to the chamber for 10 min at a flow rate of 
200 normal cubic centimeters per min (NCCM), the set relative humidity 
on the sensor surface was adjusted to 80 %, 90 %, 100 %, and 110 %, and 
maintained for 15 min by controlling the vapor pressure inside the 
chamber using a precision humidity controller (micro equipment Inc., 
me-40DP-H60MFC-2 PL-FH-OS). The temperature and relative humidity 
inside the chamber were measured using a thermohygrometer (E + E 
Elektronik, EE23). In this study, the set relative humidity of 110 % was 
the nominal value, indicating that the excess of the vapor pressure over 
the saturated pressure calculated on the sensor surface was condensed. 
The electric current from the chip was measured at intervals of 1 s using 
an electronic circuit board composed of an amplifier and an A/D con
verter, which was explained in section 2.1.

3. Results and discussion

3.1. Changes in the chemical structure of aluminum surface by citric acid 
solution treatment

Fig. 4 shows the Al2p and O1s XPS spectra of the chip surface before 
and after treatment with a 0.1 wt% citric acid (CA) solution for 10 min. 
The detection angle was set to 30◦ to study the changes in the chemical 
binding state of the outermost surface. Al2p and O1s were studied to 
confirm adequate removal of the initial contamination, improvement in 
the electrical conductivity owing to the partial removal of the natural 
oxide film by CA cleaning, and improvement in water vapor adsorption 
owing to the formation of a hydrophilic surface layer. The peak-fitting 
results were superimposed onto the observed spectra. The chemical 
binding conditions before and after the CA treatment are denoted by 
Pristine and CA, respectively.

The chemical binding states of Pristine and CA exhibited notable 
differences, as evidenced by the binding energy and intensity of the 
deconvoluted peaks in Al2p shown in Fig. 4(a) and (b). For the pristine 
sample (Fig. 4(a)), the spectrum showed three peaks. Assuming that the 
surface of the Al wires was covered with porous native oxide and thick 
hydrated Al-oxide (AlOx–H2O) [25] because of hydrocarbon contami
nation from the wet etching patterning process and sample transfer in 
normal air, the deconvoluted peak with the highest intensity was 
assigned to AlOx–H2O. The binding state of the other peaks was defined 
using the energy gaps (i.e., the difference in the chemical binding 
structure) from the AlOx–H2O peak, according to the XPS database [26]. 
This is because the binding energy values often shift easily, even on the 
same surface, due to local differences in the chemical and physical 
structures. In Fig. 4(a), the energy gaps from AlOx–H2O were set to − 1.6 
eV and − 2.8 eV for AlOx and Al, respectively. In contrast, for the CA 
sample (Fig. 4(b)), the Al(OH)x peak clearly appeared, and the Al peak 
intensified, indicating a CA-based reduction of the native oxide and the 
formation of a new surface layer. Assuming that the initial organic 
contaminants were removed by CA and that a thin surface layer con
taining Al carboxylate and hydroxide was formed on the surface of the 
partially reduced native oxide, the major component at the XPS detec
tion depth was considered to be AlOx. Therefore, the deconvoluted peak 
with the maximum intensity was assigned to AlOx [27], and the other 
peaks were identified using the peak gaps from AlOx. In Fig. 4(b), the 
energy gaps from AlOx were set to +1.7 eV [28] and − 1.2 eV [29] for Al 
(OH)x and Al, respectively. The values of these peak gaps were derived 
from previous studies on Al oxides and Al subjected to similar acid 
surface treatments. O1s in Fig. 4(d) is the final state of oxygen bonding 
in the entire sample, including Si–O, and detailed peak identification is 

Table 1 
Material specifications and suppliers.

Item Specification Supplier

Test chip Semiconductor fabrication 
grade

Aquze Co., Ltd

Electronic circuit 
board

Current range: 10− 12~2.5 ×
10− 8 A

Aquze Co., Ltd

Citric acid Purity: >99.0 % Kanto Chemical Co., Inc.
Ultra-pure water Resistivity: >18.2 MΩ cm Merck Millipore 

Corporation

Fig. 3. Schematic of the setup used for the measurement of the sensor response 
with the test chip to humid air.
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difficult; however, the hydroxyl group that contributes to hydrophilicity 
is clearly present. These differences in the chemical binding state are 
summarized based on the atomic concentration, which is denoted by the 
peak area of each deconvoluted peak, as shown in Fig. 4(e) and (f). The 
atomic concentration of Al clearly increased for Al2p in the CA sample. 
This indicates that the thickness of the initial thick surface layer, 
including the native oxide film, decreased, which is consistent with the 
tendency for dielectric breakdown and electrical conduction to be easily 
acquired after the CA treatment. In addition, it is considered that Al 
(OH)x originating from the thin surface layer formed by the CA treat
ment and the subsequent sample transfer, that is, OH in the solution and 
atmospheric exposure, are possible reasons for this hydration.

Furthermore, the layered structure was confirmed using the angle- 
resolved technique. Equation (1) can be used to calculate the thick
ness of the layer, including each chemical binding structure, given the 
spectra obtained at a detection angle of 45◦, which are curve-fitted with 
the same peak gap values of 30◦.The calculation was performed using 
Al2p spectra[30]. 

I30 / I45 = exp(− x / λ sinΔθ) (1) 

Here, x is the layer thickness, I30 and I45 are the peak areas derived 
from the spectra obtained at detection angles of 30◦ and 45◦, respec
tively, λ is the inelastic mean free path (IMFP) of the surface layer ma
terial. In this calculation, the IMFP value of 25.15 Å was used for Al- 
oxide [31], and the same value was applied to Al-OH2 for simplicity, 
because the IMFP of Al-OH2 is difficult to measure directly. Δθ is the 

difference between the angles of measurements (15◦). Equation (1) can 
be rearranged to estimate the thickness of the layer before and after the 
surface treatment using Equation (2). 

x= − λ(sinΔθ)[ln (I30 / I45)] (2) 

Table 2 presents the calculated results. The calculations show that 
the thickness of the Al-oxide layer decreased from 3.27 Å to 0.77 Å by 
2.5 Å during the CA treatment while that of the Al-OH2 layer increased 
from 2.26 to 5.63 Å by 3.37 Å. Assuming that a part of the Al-oxide layer 
turned to the Al-OH2 layer, the turning rate might be estimated to be in 
the range of 0.25–0.34 Å/min at a temperature of 50 ◦C.

Fig. 5 represents the XPS C1s spectra obtained before (Pristine) and 
after (CA) treatment with 0.1 wt% CA solution for 10 min at a temper
ature of 50 ◦C, demonstrating that the treatment process effectively 
reduces surface contamination on Al electrodes and induces the for
mation of an ultrathin surface layer that enhances water molecule 
adsorption. In Fig. 5(a), curve-fitting analysis of the spectrum measured 

Fig. 4. XPS spectra for Al2p (a, b) and O1s (c, d) of the chip surface before (a, c) and after (b, d) treatment with 0.1 wt% CA solution for 10 min at a temperature of 
50 ◦C and an incident angle of 30◦. The peak areas are calculated from Al2p (e) and O1s (f). Background subtraction is done using Shirley equation.

Table 2 
Calculated thickness of the composite layer formed on aluminum lines before 
and after citric acid treatment (unit: Å).

Layer thickness (Å)

Pristine CA

Al-OH2 2.26 5.63
Al-oxide 3.27 0.77
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at a detection angle of 30◦ reveals four Gaussian peaks corresponding to 
C–C, C–H, C=O, and C–O functional groups. These components are 
presumed to result from reactions between Al or native Al oxide and 
aqueous CA, as schematically illustrated in the figure inset. Although 
similar peaks may be present prior to the CA treatment due to residual 
organic contaminants, the C–C peak was assumed to exhibit the highest 
atomic concentration under both conditions. Peak fitting was therefore 
conducted using fixed energy differences relative to the C–C peak [32]. 
Notably, CA treatment resulted in increased peak intensities of C–H, 
C=O (carboxyl group), and C–O (hydroxyl group) relative to C–C. As 
shown in Fig. 5(b), the area ratio of the C–H peak increased markedly 
from 0.19 before treatment to 0.70 after treatment, providing further 
evidence for the formation of a chemically modified surface layer. The 
stretching of the main chain leads to an increase of hydrophilic func
tional groups on the side chains, supporting the experimental observa
tion of enhanced water adsorption on the treated surface.

Fig. 6 shows the ATR-FTIR spectra of the test chip before (Pristine) 
and after (CA) treatment with 0.1 wt% CA solution for 10 min at a 
temperature of 50 ◦C. The pristine sample showed numerous absorption 
peaks at 740, 814, 918, and 1026 cm− 1, which could be attributed to the 
stretching vibrations of the mixed oxide and hydroxide layers on the 

aluminum surface [33,34]. The peak at 1182 cm− 1 can be attributed to 
the stretching vibration of the C-OH group that exists naturally on the 
pristine chip under atmospheric conditions. The additional peak at 1690 
cm− 1 could be attributed to the stretching vibration from the C=O 
group. Notably, the pristine chip surface might be covered with a car
boxylic resin compound and hydrated Al oxide during the fabrication 
process. The C-related peaks can be attributed to the remaining of this 
resin. The FTIR absorption spectra of the CA-treated surface demon
strated no evident peaks correlated to the oxide layer for Al and to the 
C-related compounds. These findings confirm the successful removal of 
the inert contamination layer by removing the surface of the oxide layer 
from the Al lines on the chip.

Fig. 7 shows the optical and scanning electron microscopic images of 
the test chip before (Pristine) and after (CA) treatment with 0.1 wt% CA 
solution for 10 min at 50 ◦C. These images reveal no significant damage 
to the morphology, that is, the pattern resolution, between Pristine and 
CA. Moreover, the contrast of the aluminum line in the second-electron 
SEM image became stronger after the CA treatment. Under the same 
observation SEM conditions, i.e., the same operator and the same ac
celeration voltage of the electron beam, a difference in the contrast on 
the Al lines was found in some locations before and after the CA treat
ment, whereas the Au lines showed largely the same contrast. Therefore, 
these results imply that the electrical conductivity around the surface of 
the Al line might have increased owing to oxide removal.

Fig. 8(a) shows the galvanic current measured from the test chip 
during the treatment in 0.1 wt% CA aqueous solution at 50 ◦C. The 
galvanic current increased sharply and linearly from 1000 to 9000 pA, 
indicating a decrease in the electrical resistance between the Al and Au 
lines. The slope in the linear region of the current with time was 
calculated as Δ = dI⁄dt. Similarly, the slope during the surface treatment 
at temperatures of 25 and 75 ◦C was calculated, and the estimated slope 
values (current per unit time) in the logarithmic scale were plotted as a 
function of the reciprocal of the treatment temperature in Kelvin. 
Similar results were obtained using different chips. As shown in Fig. 8
(b), a largely linear relationship, such as the Arrhenius plot, can be 
observed between them, suggesting the involvement of a chemical re
action in the surface treatment process of the test chip by CA and that it 
is governed by kinetics.

From these results, the following model of the phenomenon observed 
during the surface treatment of aluminum on the chip with CA was 
proposed: a) decrease in the thickness of the native oxide layer and b) 
increase in the water adsorption ability, as illustrated in Fig. 9. With 
regard to a), it can be said that dielectric breakdown is more likely to 

Fig. 5. XPS analysis results showing: (a) the C1s spectra before and after 
treatment with 0.1 wt% CA solution for 10 min at 50 ◦C, and (b) the change in 
the C-H atomic concentration ratio relative to C-C caused by the treatment. An 
inset schematic in (a) illustrates a possible chemical structure of the sur
face layer.

Fig. 6. ATR–FTIR spectra of the chip surface before and after 0.1 wt% citric 
acid treatment at 50 ◦C represented by Pristine and CA-treated, respectively.
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occur on the CA-treated Al surfaces than on the pristine samples. This 
may have resulted in the prompt generation of a galvanic current be
tween the Al and Au lines. Regarding factor b), it is postulated that the 
CA solution forms a new hydrate and/or carboxylic thin surface layer on 
the deoxidized Al surface, which has a higher number of hydrophilic 
functional groups than pristine Al. This mechanism is supported by a 
previous result in that a Al–citric complex is formed through the surface 
coordination of citrate anion on aluminum hydroxide [21,22].

3.2. Enhancement in sensor response to moisture

Fig. 10(a) shows the variation in the response current of the chip 
treated with 0.1 wt% CA solution at different times with the stepwise 
increase in the relative humidity (RH) on its surface. In the region below 
100 %RH, a relatively low current was observed because of the 
agglomeration of adsorbed water molecules between the metal lines on 
the chip [6]. This study found that the current increased with the 
treatment time and temperature when compared at the same humidity. 
When the relative humidity on the chip surface exceeded 100 %RH, the 
response current showed a rapid increase before and after the CA 
treatment, regardless of the conditions. This rapid increase in the 
response current is due to the detection of water droplets generated by 
dew condensation and their growth [35]. Fig. 10(b) shows the mean 
value of the response current measured at 100 %RH, plotted as a func
tion of the accumulation time of the surface treatment with CA and 
superimposed at different treatment temperatures. The response current 

from the chip treated at 75 ◦C was 1000 times higher than that in the 
non-treated case. With an increase in the treatment temperature, the 
required accumulation time decreased. In other words, the chip surface 
can be treated in a shorter time at higher temperatures. This is revealed 
in the fact the steady current response could be achieved within 2–5 min 
of the treatment at 75 ◦C.

4. Conclusions

A simple surface treatment method was employed to alleviate the 
formation of an oxide layer that is inevitably formed on the surface of Al 
arrays during atmospheric heat treatment. Along with carbon contam
ination, the oxide layer affects the applicability of Al as a conductive 
material in the semiconductor and electronics fields. We treated Al ar
rays on our sensor chip with a 0.1 wt% aqueous solution of citric acid 
(CA) while investigating the dynamic interaction mechanism and 
improvement in its characteristics as a moisture sensor. Post-treatment 
results showed the removal of carbon-based contamination and oxides 
from the sensor chip. Most of the aluminum oxide on the aluminum lines 
became hydrophilic owing to the modification with organic molecules 
derived from CA. The turning rate of the oxide was estimated to be 
approximately 0.3 Å/min at 50 ◦C. The sensor response to humid gas 
dramatically improved by more than 1000 in a shortened time of 2–3 
min, presumably given the decreased electrical resistance between the 
Au and Al arrays. Thus, a stable moisture sensor with minimized surface 
resistivity could be successfully obtained for a more accurate detection 

Fig. 7. Optical microscopic images a) and SEM images b) of chip surface before and after 0.1 wt% citric acid treatment at 50 ◦C.

Fig. 8. Temporal changes in the galvanic current and temperature of the test chip during its surface treatment with 0.1 wt% CA solution at 50 ◦C (a) and relationship 
between the slope in the current versus time and inverse of the temperature (b).
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of the relative humidity along with a longer lifetime.
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Appendix

The sensor chips and measurement devices used in this study 
included those provided free of charge by Aquze Co., Ltd. One of the 
authors, J. Kawakita, held a post concurrently with Aquze.

Data availability

Data will be made available on request.
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