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Abstract—This paper presents ultrathin and highly sensitive
input/output devices consisting of a capacitive touch sensor
(Cap-TSP) integrated on thin-film-encapsulated active-matrix or-
ganic light-emitting diodes (OLEDs). The optimal structure of
the electrically noise-free capacitive touch sensor, which is assem-
bled on a thin-film-encapsulated active-matrix OLED (AMOLED)
display, is obtained by investigating the internal electrical field
distribution and capacitance change based on the Q3D Extractor
model. Electrostatic simulations have verified malfunction-free
electrical signals for 4-in diagonal-sized capacitive touch sensors
on AMOLEDs possessing a 100-μm-thick optically clear adhesive
(OCA, εr = 1.4) layer. The prototype OLED platform using the
capacitive touch sensors exhibits an overall thickness of 1.2 mm,
which is the lowest thickness for commercially available OLED
platforms.

Index Terms—Active-matrix organic light-emitting diode
(AMOLED), capacitive touch sensor (Cap-TSP), noise, ultrathin
display.

I. INTRODUCTION

THE DEMAND for display technologies that are ultrathin
and mechanically flexible has attracted a great deal of

attention, as they allow for a small form factor and versatile
design and are lightweight and easily portable. Significant
progress has been made in achieving a flexible active-matrix or-
ganic light-emitting diode (OLED) [1]–[3], a foldable/seamless
OLED display [4], [5], and a robust rollable active-matrix
OLED (AMOLED) display [6]. The proof of concept for these
types of displays [2], [3] was demonstrated by forming a neutral
plane under the regime of an OLED/thin-film transistor (TFT)
integrated circuit with two supporting plastic layers, where the
neutral plane is defined as a strain-free zone under inward and
outward bending pressures [7], [8]. OLED/TFTs were manufac-
tured on the bottom supporting plastic layer (a 500-μm-thick
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polyimide film); any plastic film with the same thickness can
be used as the upper protection layer. We previously reported
on the possible application of highly flexible OLED display
components based on microcavities, thin-film encapsulation,
and low-temperature color filters [4], [5]. Currently, flexible
OLED displays preserve the outstanding performance of OLED
technology; however, they must solve the challenge of an
intuitive user interface between the display and a human user.

Touch sensors have been actively studied for use in an intu-
itive user interface in mobile displays. Since the discovery of
four-wire resistive touch screens in 1997 [9], resistive, capaci-
tive [10]–[12], surface acoustic wave [13], and infrared ray [14]
techniques have been recently used for sensing touch inputs
on touch-screen devices. Among these techniques, resistive
touch screens have been widely used in commercial mobile
displays. Resistive touch sensors are composed of two parallel
layers of conductive indium tin oxide (ITO) with an insulating
interlayer between them, where the event of touching the top
layer changes the resistance of the two ITO layers and thereby
defines the location of the user’s touch. However, the resistive
touch method has major drawbacks, such as the weakness of
the ITO layers at high pressures and the nonavailability of
multitouch algorithms.

In response, capacitive touch panels (Cap-TSP) are becom-
ing incredibly popular due to their high durability, unlimited
multitouch functionality, and excellent optical transparency.
As shown in Fig. 1, a Cap-TSP is basically built using two
conductive electrodes in parallel (two layers) or in series (one
layer), where the patterns of the conductive electrodes form a
capacitor holding a charge. If the user places another conductive
object, such as a finger, near the top surface of the touch
screen, the charge field (electrical field) found between the
capacitor plates changes because the human body capacitance
absorbs the fringing electrical field. The conventional Cap-
TSP is manufactured on a glass encapsulation layer (thicker
than 500 μm) in on-cell-type TSPs or with an individual thick
isolation layer. In order to integrate highly sensitive Cap-TSPs
into an ultrathin-film-encapsulated OLED panel for an ultrathin
display, the following requirements are needed: 1) electrical
reliability without any sensing malfunction when a touch sensor
is directly integrated onto an OLED panel; 2) a low-temperature
process in order to prevent deformations in the glass substrate;
3) a high-yield process since, in the case of an on-cell touch
screen, the Cap-TSPs are fabricated directly on the OLED panel
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Fig. 1. Capacitive touch sensor panels, with the X–Y electrodes and their corresponding mutual capacitances in the touch screen.

(therefore, a failure in the TSP process can impact the overall
OLED panel yield); and 4) high optical transparency in order to
save on power consumption.

In this paper, we report on the first demonstration of a
malfunction-free mutual capacitive touch sensor assembled
on an ultrathin-film-encapsulated OLED panel that is free of
electrical noise. All of the processes used to fabricate the
touch sensor have been especially developed to be performed
at low temperatures (below 200 ◦C). The touch sensor is
fabricated on a coplanar/single-ITO layer in order to achieve
a high optical transmittance of 90%, compared to conventional
TSPs composed of two ITO layers. The Cap-TSPs are directly
patterned on the protective glass cover, and then, optically
clear adhesives (OCAs) bind the two panels (the protective
glass cover and the OLED glass panel) without allowing any
interaction of the electrical fields through themselves. In order
to block the touch electrode fringing fields from reaching the
OLED device, an OCA film possessing a low dielectric constant
(εr = 1.4) is used as an interlayer insulator. Furthermore, the
theoretical calculations, in contexts ranging from the sensing
of the capacitance between the human and touch electrodes
to electromagnetic simulations regarding the interference of
electrical signal, provides quantitative and predictive under-
standing of the sensing characteristics for the touch sensor
directly integrated on OLEDs. Based on these electrostatic
simulations and using advanced fabrication techniques, Cap-
TSPs have been realized on a 5.4-in foldable/seamless OLED
containing a 100-μm-thick OCA film.

II. EXPERIMENT DESIGN

A. Capacitive Touch Sensor Fabrication

Fig. 2(a) shows a schematic view of the capacitive touch
sensor fabricated on the protective glass layer (Gorilla glass,
CORNING), consisting of an 18 × 25 touch sensor matrix on
a 4-in screen. The process starts with the deposition of fully
transparent 100-nm-thick ITO using the ion-assisted deposition
method. After the snowflake-patterned drive and sense lines are

defined by photolithography, the transparent touch sensor panel
possessing a coplanar ITO layer is patterned onto the same side
of the cover glass using an ITO wet etchant for 1 min. Fig. 2(a)
shows a representative capacitive touch sensor with which the
coplanar ITO layer forms the drive (columnlike metal trace
as Y -axis coordinator) and sense lines (rowlike metal trace as
X-axis coordinator). The Y -axis coordinators in an individual
column-ITO trace are directly connected in the border area;
the X-axis coordinators in the ITO trace row are individually
separated. Thus, the ITO patch terraces need to be bridged using
a separate X-axis ITO coordinator. When a finger touches the
X–Y coordinator pixel, the fringing electric field between the
adjacent X-coordinator and Y -coordinator within the coplanar
side is blocked by the finger, reducing the amount of charge
coupled on the pixel. However, in the coplanar ITO X–Y layer
structure, a 300-nm-thick low temperature SiO2 insulator is
deposited at 200 ◦C under the terrace electrode bridge as an
isolating layer to avoid a short between the X–Y coordinator,
as shown in Fig. 2(a). A contact hole in the shape of the terrace
is created by using isotropy dry etching utilizing a gas flow
of CHF3 at 25 sccm, O2 at 15 sccm, and Ar at 60 sccm at
75 mtorr for 3 min at room temperature so that a thin ITO
layer can bridge the border of the two X-axis coordinators.
Finally, the touch panel is passivated using a 200-nm-thick low-
temperature SiO2 layer. Fig. 2(b) shows the layout design of
the snowflake X–Y coordinates of the capacitive touch sensor.
Fig. 2(c) shows the measured optical transmission spectra in
the visible range for the finished CTS. The measured optical
transmission in the 300–800-nm wavelength range is on the av-
erage of 91%. Typically, conventional touch sensors composed
of two ITO layers have their transparency limited to less than
80%; however, the co-planner X–Y coordinator fabricated on a
single side of a substrate affords transparencies as high as 90%.
This system also has low power consumption, which decreases
the required luminance and reduces the parasitic capacitance.
Furthermore, the thin-coplanar CTS has several advantages, in
that it can easily be bent or rolled to provide superb mechanical
stability and can be considerably slimmer and lighter than
current platforms.
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Fig. 2. (a) Schematic view of a capacitive touch sensor. (Inset) SEM image of the bridge pattern at the cross of the X–Y coordinator. A 300-nm-thick low-
temperature (LT) SiO2 insulator helps to isolate the X–Y coordinators to prevent electrical shorts. (b) Top view of the layout of an exemplary column ($Y$) and
adjacent row patches ($X$) for the snowflake-patterned capacitive touch sensor coplanar ITO layer. (c) Optical transmission spectra as a function of wavelength
through the Cap-TSP.

B. Capacitive Touch Sensing Operation

The main capacitive touch sensing principle is to detect the
change in capacitance when a user touches the screen. As
shown in Fig. 1, the X–Y grid in the touch screen is made by
etching a layer to form a pattern of electrodes. As can be seen,
mutual capacitances are observed at the intersections of two
electrodes, which are due to the fact that the two conductive
objects (the X–Y electrodes) are able to hold a charge if
they are very close together. A human finger placed near the
intersection of two electrodes changes the mutual capacitance
value; sensing circuitry measures these capacitance changes.
The changes of the capacitance are mainly due to the fact that
a finger disturbs the fringing electric field above the sensor,
which means that some of the charge is transferred to the user
and so reduces the capacitance between the electrodes. In order
to detect the capacitance variation, several techniques such as
successive approximation [15], a relation oscillator [16], [17],
and an RC delay technique [18] have been studied. One of
the most effective techniques is found in the charge transfer
approach, where a higher sensing sensitivity can be achieved
since only the amount of transferred charge is sensed [19].

A capacitive touch sensing operation using the charge trans-
fer approach is shown in Fig. 3. A switched capacitor circuit
is used to assess the relative change in a sensor’s capacitance
when the screen is being touched. CXY is the unknown mutual
capacitance found between two electrodes (X–Y patterns), and

Fig. 3. Charge transfer operation. (a) Charge state. (b) Transfer state.
(c) Measurement state.

CS is the sampling capacitor embedded in the touch sensor that
possesses a much larger capacity than CXY . (Typically, CS

is 100 times larger than CXY .) Initially, switches S1 and S2

are closed in order to discharge CXY . The sensing operation
involves the following three stages: First, switches S2 and S4

are closed in order to charge CXY . Second, S2 is opened, and
S1 and S3 are closed, sharing the stored charge on CXY with
CS . Finally, S2 closes, and S3 is opened in order to measure
the voltage across CC . The resulting voltage across CS is
proportional to the charge transferred from CXY to CS .

In the “charge” state shown in Fig. 3(a), ΔQM represents the
charge transfer from the VDD supply voltage to CXY . VS is the
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voltage across CS , which can be expressed as VS = ΔQS/CS .
ΔQS is defined by the stored charge on CS . During the transfer
stage [Fig. 3(b)], ΔQM and ΔQS are shared by (CXY + CS).
Therefore, the voltage across CS at the measurement stage
[Fig. 3(c)] is

V ′
S =

ΔQS − ΔQM

CS + CXY
=

CS

CS + CXY
VS − CXY

CS + CXY
VDD.

(1)

Since CS is much larger than CXY (CS � CXY ), (1) can be
approximated as

V ′
S ≈ VS − CXY

CS
VDD. (2)

In (2), the VS term is the result from the charge transferred
during the previous cycle; the (CXY /CS)VDD term is defined
by the decreasing voltage due to the transferred charges. It
should be noted that the decreasing voltage is directly propor-
tional to the mutual capacitance (CXY ).

By repeating these operation cycles, the voltage across CS

decreases toward the ground voltage. Since the decreasing
voltage rate is proportional to CXY , the relative value of CXY

can be determined by counting the number of cycles that are
needed for the voltage (V ′

S) to go down to a given threshold
voltage. When a user touches the screen, the finger steals a
charge from CXY . In other words, the touch input makes
the mutual capacitance CXY between the electrodes smaller,
which results in taking more cycles for CS to discharge to the
threshold voltage.

Fig. 4 shows the touch sensing circuitry using the charge
transfer approach. It consists of ramp-up resister (R1), com-
parator, capture register, and counter. When the counter starts,
S5 is opened, and S6 is closed in order to set the initial voltage
of CS to the supply voltage VDD. During the sensing operation,
the voltage on CS decreases, and when the voltage crosses
the threshold voltage (VT ), the capture register latches the
counter’s output. When a human finger is not placed on the
screen, the charge on CS is transferred relatively quickly, thus
generating a small counter value. Conversely, when a finger
is placed on the screen, since the charge is transferred more
slowly, the latched counter value is larger. The timing diagram
of the sensing operation is illustrated in Fig. 4.

III. RESULTS AND DISCUSSIONS

A. Physical Structure of the AMOLED Display

Fig. 5 shows a schematic view of the capacitive touch
sensors integrated onto the thin-film-encapsulated OLED dis-
play. The implementation of the OLED panel starts with
low-temperature poly-Si TFTs used to switch/drive the OLED
devices; top-emission Red/Green/Blue (RGB) OLED devices
are then formed on the TFT circuits. The top-emission RGB
pixels comprise the following: 1) a bilayer Ag (200 nm)/ITO
(10 nm) anode; 2) an OLED device incorporating a multi-
layer hole-injection-layer/hole-transport-layer/emissive-layer/
electron-transport-layer OLED layer; 3) a bilayer of Mg:Ag
(10 : 1, 15 nm) cathode; and 4) an organic capping layer. The
upper layer of the top-emission OLED display is specially

Fig. 4. Capacitive touch sensor circuitry and the timing diagram of the sensing
operation.

Fig. 5. (a) Cross-sectional diagram of the ultrathin AMOLED display using
Cap-TSPs composed of thin-film encapsulation and RGB OLED microcavitys.
The Cap-TSP is fabricated on the underside of the glass protection layer.
(b) Overall thickness of the OLED panel with the TSP is 1.2 mm, which
is considerably slimmer and lighter than current display platforms. (Cur-
rently, the thinnest commercially available display platform is reported to be
8.9 mm.)
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designed to form a coplanar single-layer cathode electrode,
thus acting as an electrical ground used to generate the same
electrostatic potential. In order to defend the OLEDs from oxy-
gen and water, they are encapsulated with a multilayered thin
film composed of an oxide layer (200–500-nm-thick Al2O3)
as a barrier and polymer layer (0.25–1 μm) as a planarization
layer using BarixTM (produced by Vitex). The total thickness
of the multilayered thin-film encapsulation is of only sev-
eral micrometers, which is considerably thinner than the con-
ventional glass encapsulation method. (Currently, commercial
glass encapsulations have a thickness of 500 μm, which is
two orders of magnitude higher than that of the proposed thin-
film-encapsulation method.) Although thin-film encapsulation
allows OLED displays to be thinner and protects the OLEDs
from oxygen and water, the thin interlayer typically can cause
difficulties in shielding the electrical signal of the TSP from the
OLED panel since the fringing field from the TSP electrodes
can be easily transmitted to the OLED pixel cathode layer.
(Note that the TSPs on the cover glass are isolated from the
OLED panel.) The final process used to integrate the two panels
is by simply laminating the Cap-TSP onto the OLED panel
using heat and pressure. Commercially available 3M OCA is
utilized not only as an adhesive but also as an electrical insulator
in order to protect against fringing field losses from the Cap-
TSPs to the OLED pixel cathode electrodes.

B. Analysis of Electromagnetic Simulation and Parasitic
Extraction for the Capacitive Touch Screen on the
OLED Display

Fig. 6 shows the contours of the electric field obtained from
the simulation (Q3D Extractor, Ansoft) along with a model. As
previously mentioned, the OCA film isolates the electrical sig-
nal leakage between the TSPs and OLEDs, which is a material
with a low dielectric constant (εr = 1.4). The empirical model
is performed in order to obtain the physical structure parame-
ters, as shown in the inset of Fig. 6(a). For the simulation, the
CXY between the X–Y electrodes is monitored as a function
of the thickness of the OCA films, where the dielectric constant
of the OCA layer and the dielectric constant of the thin-film-
encapsulation layer are assumed to be 1.5 and 7, respectively.
Without a finger, as can be seen in Fig. 6(b), the fields are
mostly contained between the X and Y patterns, generating
capacitance CXY between them. As a user touches the panel
with a finger, Fig. 6(c) shows that the electric fields are diverted
from CXY to ground through the finger, reducing the CXY

value. Because a reduced OCA thickness results in thinner
display devices, it is important to estimate the minimum OCA
thickness needed to maintain the sensitivity of the CXY dif-
ference between the two cases with respect to electrical noise.
Fig. 6(d) shows CXY with and without a finger, respectively,
versus the OCA thickness. For the given OCA thickness range,
the CXY has a range of 0.33–0.86 pF (without a finger) and
0.17–0.55 pF (with a finger). While the CXY variation main-
tains a consistent 0.4 pF at a thickness between 80 and 300 μm,
it shows noticeable reduction at a thickness below 80 μm.
Therefore, the sensitivity will be good as long as the OCA film
is equal to or thicker than 80 μm.

Fig. 6. (a) Q3D Extractor projector illustrating the physical dimensions of
the overall schematic view of the OLED and Cap-TSP shown in Fig. 4. The
distribution of the electrostatic field (b) without a finger or (c) with a finger.
(d) Extracted CXY variations from the Q3D Extractor model versus the
contact thickness. The simulation proposes that a thickness of contact below
80 μm leads to extreme electrical noise, disturbing the electrical reliability of
the Cap-TSP.

C. Prototype Assembly and Evaluation

Fig. 7 shows the measured CXY sensing capacitance varia-
tions (Hawkeye program, ATMEL) versus the reference capac-
itance (Cref) in order to verify the electrical signal stability of
the Cap-TS with/without the OLED display. The X–Y coordi-
nates are expressed as the touch location in a 4-in touch screen;
the z-axis is the change in the sensing capacitance to reference
ratio (Csen/Cref) when sampling the sensing capacitance of the
TSP. For the original electrical signal from TSP, as shown in
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Fig. 7. Measured touch signal with respect to the readout frame. (a) Negligible
noise signal without touch signal in a touch sensor. (b) Four-point multitouch
shows a signal-to-noise ratio of ∼500. The measured touch signal used the Cap-
TSP integrated with the OLED. The lack of variation in the noise and touch
signals demonstrates that a 100-μm-thick OCA film, which was introduced
by the Q3D Extractor, can isolate the electrical signal noise between the
Cap-TSP and OLED panel. (e) Fabricated foldable/seamless OLED display.
(f) Detected signal obtained from the experimental touch screen using a
finger.

Fig. 7(a), the sensing capacitance with a finger is typically two
orders of magnitude higher than the reference capacitance. A
sensing variation will work in the two-order range, but smaller
and larger signals can lead to the electrical malfunction of
the TSP system. Based on the theoretical simulation, the low-
dielectric OCA film thicker than 80 μm allows the TSP to oper-
ate malfunction free without the losses from the fringe electrical
field to the OLED cathode. Fig. 7(c) and (d) demonstrates
the stability of the TSPs integrated onto the OLEDs with a
100-μm-thick OCA film. Only negligible variations in the elec-
trical signal were observed in both the TSP and the TSP with
OLED panels. Fig. 7(b) and (d) illustrates multiple touches,
where our capacitive touch sensor is interpreted as a signal us-
ing a mutual capacitive array so that the capacitive coupling at
each point in the matrix can be sensed independently (Table I).

Fig. 7(e) shows a foldable/seamless 5.4-in OLED display
embedded with two Cap-TSPs. We previously reported the
fabrication of a prototype foldable/seamless OLED display. The
ultrathin OLED platform, which was fabricated by advanced
thin-film encapsulation and a capacitive touch sensor compris-
ing a coplanar ITO layer, can allow for the removal of the
visible crease of the folding structure and to be manufactured

TABLE I
PROTOTYPE OF FOLDABLE/SEAMLESS OLED DISPLAY

as an ultrathin display platform, compared with the reported
current display. The physical thickness of our OLED display
platform, excluding the two supporting glass layers (Ashahi,
Gorilla glass), is approximately designed to have a thickness of
130 μm. Furthermore, a possible application of the present
ultrathin OLED platform can be extended to a flexible OLED
display by replacing the two glass substrates with two support-
ing plastic layers applied in a proof-of-concept neutral plane.
The development of an optimized plastic substrate and the
low-temperature process used for fabricating a flexible OLED
display and Cap-TSP represents some new directions for future
displays.

IV. CONCLUSION

Without a doubt, AMOLED displays with touch screen capa-
bility will emerge as a future intuitive user interface. This paper
has presented the first demonstration of highly sensitive capaci-
tive touch sensors integrated into an ultrathin-film-encapsulated
AMOLED display. The malfunction-free capacitive touch sen-
sor has been fabricated as a coplanar/single-TIO layer and has
a high 90% transparency. An OCA film with a low dielectric
constant (εr = 1.4) has also been used to isolate the electrical
signal noise between the touch sensor and OLED. In order
to provide a quantitative analysis regarding the sensing mech-
anism, theoretical calculations on capacitor sensing between
the human and touch electrodes, together with electromagnetic
simulations regarding the electrical signal interference, have
also been presented in this paper. All the processes used to
fabricate the touch sensor have been developed to operate at
low temperatures below 200 ◦C. The prototype capacitive touch
sensor OLED platform exhibits a 1.2-mm thickness, which is
the lowest thickness found for commercial OLED platforms.
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