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Abstract— The sensitivity of existing fingerprint sensors
(FPSs) can decrease considerably owing to environmen-
tal factors and parasitic capacitance. In order to over-
come this limitation, this paper proposes a highly-sensitive
300 dpi mutual-capacitive transparent fingerprint sensor
(FPS) with uniquely designed reference lines for device
security. Specifically, the reference lines of the FPS induce
capacitance cancellation. Images of fingertips under dry,
wet, and oily surface conditions were obtained in the pres-
ence and absence of the reference lines. The results showed
that the fingerprints were significantly distorted in anom-
alous surface environments when the reference lines were
not used. However, when the reference lines were used, the
sensitivity improved irrespective of the environmental con-
ditions. With the edge-detection processing, the proposed
FPS exhibited 9.25 %, 61.49 %, and 8.60 % increase in the
ridge sensing improvement (RSI) of dry, oil, and wet condi-
tion, respectively, thus significantly enhancing the sensing
capability. Therefore, we believe the proposed FPS can
increase device security owing to its excellent performance.

Index Terms— Highly-sensitive, transparent, mutual-
capacitive, fingerprint sensor, reference lines.

I. INTRODUCTION

G IVEN that personal information security has consistently
grown in the Internet of Things (IoT) era, biometric
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identification technologies have gained extensive attention
owing to the rapid advancement of information technology
platforms [1], [2]. A human fingerprint contains ridges and
valleys and has been extensively used as a biometric iden-
tifier owing to its excellent reliability and sensitivity. Among
different sensors, the mutual-capacitive-type fingerprint sensor
(FPS) does not entail ghost signals and exhibits multi-touch
capabilities owing to individually measured intersections; this
allows the implementation of a FPS whose multiple pixels are
concurrently contacted [3], [4], [5], [6], [7], [8].

At present, it is necessary to deploy FPSs based on a
transparent substrate at wide-ranging frequencies to increase
functionality and maintain the appearance of devices [5],
[9]. However, owing to the significant sheet resistance of
transparent electrodes, a typical mutual-capacitive FPS pos-
sesses a parasitic capacitance higher than the actual sensing
capacitance, especially in flexible FPSs. Additionally, the
quality of the acquired fingerprint images decreases owing
to environmental factors, thereby resulting in contact failure
and differences in sensitivity [5], [6], [7]. Therefore, it is
essential to develop a FPS model framework that not only
exhibits excellent sensitivity, especially the ridge detection
due to the increase of the ridge-valley contrast, but sustains
a good response under different operational situations while
maintaining high transparency.

In this paper, we propose a novel high-fill-factor mutual-
capacitive FPS model by introducing an additional reference
pixel module for base capacitance cancellation. These refer-
ence lines enable the sensor to directly detect and extract
capacitive changes between the reference and sensing cells,
which exclude base capacitance value and improve the output
signal visualization. Furthermore, we investigate the perfor-
mance and reliability of the proposed sensor based on different
skin conditions and their influence on the output.

II. EXPERIMENT

Fig. 1. (a) shows the layout of the proposed mutual-
capacitance FPS. Each fundamental component comprised
opaque line-pattern Mo layers [not shown in Fig. 1. (a)], SiO2
insulators owing to create high capacitance value variations
between ridges and valleys, transparent indium tin oxide (ITO)
sensing electrodes, and overlaid Al2O3 layers.

First, a 150 nm ITO layer was coated on as a sensing elec-
trode to ensure transparency. A 200 nm Mo film was deposited
onto a glass substrate and patterned into transmitter (Tx) line
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Fig. 1. (a) Mutual FPS cross-section layout and (b) 300 dpi FPS-array
layout with testing pads. The sensor area comprises 91 Tx and 90 Rx
lines with the reference pixels lines in the first and the last columns,
resulting 91 x 88 (8,008) pixels in total. (c) Two unit cells (left: reference
pixel, right: sensing pixel) comprising both Tx and Rx lines (top view).

via a lift-off process. Then, the first insulator of the 200 nm
SiO2 layer was deposited, resulting in the formation of a dry-
etched via-hole pattern. The same procedure was applied for
depositing the second 300 nm SiO2 inter-dielectric layer for
the receiver (Rx) line. To form a stable capacitance with the
top layer touching the electrode, a third layer with 150 nm and
200 nm thick ITO and SiO2 layers, respectively, was deposited,
in which the via pattern was established in the reference pixel.
Finally, before depositing Mo as contact pads, a 50 nm Al2O3
overlaid layer was deposited and patterned to avoid mechanical
breakdown and withstand ambient environments [10].

Throughout the fabrication process, each inspection, includ-
ing image cross-section and element mapping, was performed
using FIB (Dual Beam FIB; FEI NOVA 200), SEM (FE-SEM;
Hitachi SU 8100), and EDS mapping (FE-TEM; Tecnai
G2 F30 S-Twin). By inputting voltage pulses of 15 V, 50 kHz
in Tx lines, the original fingerprint images were acquired in the
low-frequency region of the system from the analog Rx output
signal of the connected ROIC. The output was then processed
via 2D mapping using a four-fold integration (40 μ s) under
three skin conditions–dry, wet, and oiled–to investigate the
influence of the surface on the degradation of the images.
The Canny edge detection is applied using MATLAB with the
Gaussian filter to remove non-uniformity from the image by
smoothening, particularly in helping enhance the image quality
and image recognition. The image gradient is then computed to
determine the frequency at the high spatial derivatives regions:
ridges and valleys of detected fingerprints. Subsequently, the
non-maximum suppression is performed to remain only the
pixels with the maximum values in edges [11].

III. RESULTS AND DISCUSSION

Fig. 1. (c) shows the unit cell of the sensing and reference
pixels. The mutual-capacitance FPS operates according to the
potential difference between two conductive Tx and Rx at the
sensing pixel to detect the difference between the ridge (Cridge)
and valley (Cvalley) capacitance (Cridge-valley, sub-fF level) [12].

By applying logic pulses to the Tx lines, which operate as the
driving electrode, an electric field is generated between the
sensing electrode and Tx, thereby forming a baseline mutual
capacitor (Cm). The Rx lines function as the sensing electrode
and collect a majority of the coupled charges from the touch
electrode to generate a second Cm. These charges are further
amplified and transformed into a voltage level using a readout
integrated circuit (ROIC) [13], [14]. The field coupling at the
edge of the touch electrode is attenuated in the presence of the
fingertip [4], [15], [16]. At the reference pixel, the Rx electrode
area capacitance was 0.5 Cm, which was equal to the total
combination of the mutual capacitor of the Tx and Rx regions,
as shown in Fig. 1. (c). The Tx electrode was connected to the
touch electrode through holes, thereby causing the reference
capacitance (Cref) to be fixed, regardless of the presence of
the fingertip. The FPS touch screen panel structure comprised
a crossline structure with a large plate area and a mutual
capacitance of the panel to maximize the fill factor (50 %)
and improve touch detection, respectively [8], [15], [16], [17].

The capacitor value read from the FPS, which is same as
the size of the output signal, varied depending on the presence
or absence of the fingerprint. Without applying the reference
electrodes, the differences in the output signal at the ridge
and valley were low compared to the base signal owing to the
presence of a high parasitic capacitor. However, in the absence
of the fingerprint, when the reference electrodes were ON, the
AC signal presented the same magnitude at the inputs of both
ends of the analog comparator, considering the total capacities
of the (Tx, Rx) and reference lines were the same, thereby
resulting in a zero comparator output (self-calibration). When
the finger was placed on the panel, the signal appeared at a
different magnitude in the sensing and reference regions, while
the unchanged base signal was ignored. Therefore, turning
the reference electrode can make the output signal from the
sensing ridge and valley more prominent via base capacitance
cancellation, thereby increasing the overall sensing capacity,
specifically ridge region detection.

The fingerprint data was initially obtained without operat-
ing the reference electrode. As shown in Fig. 2(a), (c), (e),
the low contrast between the ridges and valleys indicates
poor fingerprint detection visibility for all surface conditions.
Owing to the difficulty in capturing clear and low-noise
images, the fingerprint pattern generated from the oily fingertip
[Fig. 2(c)] exhibited low clarity and was difficult to identify
compared to the pattern from the dry [Fig. 2(a)] and wet
conditions [Fig. 2(e)]. Furthermore, edge detection loss can
also be depicted in certain parts of the images, especially in the
core, the uppermost inner ridge region, in the presence of oil
layer. As grease can overpower ridge characteristic, the result,
as shown in Fig. 2(c), shows it diminished the sensing area
and characteristics of the valleys. Moreover, this core absence
reduces not only the detectability of ridge frequency, but also
the functionality of other security detection techniques, e.g.,
core point profile or location detection [18], [19], [20].

The results of the subsequent operation of the FPS
employing reference lines are shown in Fig. 2(b), (d), (f).
Despite short integration time, the original fingerprint images
were well obtained under all environmental circumstances
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Fig. 2. Fingerprint images obtained under (a, b) dry, (c, d) oil, and (e, f)
wet conditions. Each condition is operated (a, c, e) without and (b, d, f)
with reference electrodes. Each figure is attached with an edge-detection
processing version using the Canny method.

TABLE I
COMPARISON OF THE RIDGE FREQUENCY IN EDGE-DETECTION

PROCESSING FINGERPRINT IMAGES BASED ON THE SKIN CONDITION

AND THE REFERENCE ELECTRODE OPERATION IN THE FPS

with improved area resolution and qualitatively demonstrated
through differences in the ridge-valley contrast. In addition, the
edge-detection images visibly show a significant improvement
in the amount of detected ridge frequency compared to that
of the non-operating reference electrode. To quantitatively
compare the increment of the ridge sensitivity, the ridge
sensing improvement (RSI) was obtained as

RSI = f (ridge)on − f (ridge)off

f (ridge)
× 100 % (1)

where f (ridge)on and f (ridge)off are ridge frequency detected
in the edge-detection process images in reference electrode ON
and OFF conditions, respectively, and f (ridge) represents the
average value of ridge frequency in both conditions. Using
Eq.(1), the RSI of each condition was calculated as shown in
Table. I, including the ridge and valley frequencies. When the
reference pixels were solely operated, the RSI values increased
under every operating condition by at most 65 % compared
to regular operation, thereby indicating that the performance
of proposed FPS was not attributable to surface conditions but

Fig. 3. (a) Fingerprint ROIC (readout integrated circuit) architec-
ture, comprising Analog front-end architecture (blue box) and integrator
(red box), and (b) Analog front-end architecture, comprising channel and
reference charge amplifiers, the analog comparator, and MUX switch
(purple box) for controlling reference pixels.

Fig. 4. (a) FIB-SEM and (b) EDS cross section mapping of the fabricated
mutual-capacitive FPS with respective thickness.

rather to signal enhancement via base capacitance cancellation
caused by the activation of reference pixels.

According to the designed analog front-end and the FPS
ROIC architectures illustrating in Fig. 3, owing to the minimal
capacitance differential between the ridge and valley, the
circuit noise must be controlled at a superficial level. As such,
low-frequency noise such as flicker noise (1/f), which can
cause a DC offset problem, is preferred for avoiding at the
analog circuit level [21]. Therefore, for a low-noise FPS
ROIC architecture, the charge amplifier (CA) uses an offset
sampling capacitor to reject the DC offset owing to the non-
ideal characteristics of the operational amplifier. Considering
that the raw data values were relatively constant, no further
calibration was required from the ROIC and external analysis
programs. Furthermore, to validate that each layer was well-
deposited, FIB and SEM analyses were performed to observe
the cross-section of the FPS (Fig. 4). The results showed that
the FPS had a distinct interface between each layer, and all
layers were accurately deposited to the specified thickness.

IV. CONCLUSION

This study achieved a sufficient performance level for
transparent fingerprint sensors compared to conventional
non-transparent sensors. By introducing additional base-
capacitance-canceling reference electrodes to the mutual-
capacitive layout, we achieved improved ridge sensitivity.
Further analyses showed that the fabricated sensor could with-
stand various surface environments while improving the output
signal resolution even at low integration times. We believe
the proposed FPS can be further developed on flexible trans-
parent substrate sensors for applications in electronics and
identification.
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