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Novel Active-Matrix Micro-LED Display With
External Compensation Featuring

Fingerprint Recognition
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Abstract— This letter proposes a novelactive-matrix (AM)
micro light-emitting diode (micro-LED) display architecture
featuring fingerprint detection. A new pixel circuit compris-
ing four transistors and one capacitor (4T1C) is proposed to
compensate for threshold voltages externally.The proposed
AM micro-LED display does not need any additional light
sources and sensors because an LED itself can be used for
photosensors. The proposed 4T1C pixel circuit can isolate
the effects of LED photocurrents caused by ambient lights
and large LED capacitance from detecting the threshold
voltage via external circuits. The proposed AM pixel circuit
with oxide thin film transistors was fabricated using oxide
thin film transistor process. The charges caused by the
LED photocurrents were accumulated for 16.7 ms. The final
voltages measured after 16.7 ms were −5.02 V and −1.53 V
under irradiance of 0.05 W/m2 and 1.54 W/m2, respectively.
It is verified that the proposed micro-LED pixel circuit could
distinguish incident lights reflected from ridges and valleys
of a fingerprint.

Index Terms— Displays, fingerprint recognition, light
emitting diode, sensors.

I. INTRODUCTION

RECENTLY, a micro light emitting diode (micro-LED)
display has emerged as a next-generation display featur-

ing fast response times, high resolution, high contrast ratio,
and so on [1]–[3]. Because it is a self-luminous display, it is
very similar to an active-matrix organic light emitting diode
(AMOLED) display. Thus, the intensity of emitting light from
a micro-LED can be adjusted by an active device such as
a thin-film transistor (TFT). However, the variation of the
threshold voltages (VTHs) of driving TFTs are inevitable. Fur-
thermore, the threshold voltages may change with operation
times [4]–[6]. This would result in non-uniform luminance,
which degrades perceived display image quality. There are
two ways to compensate for VTH: the internal and external
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compensation methods. In the internal compensation method,
the VTH is compensated by six or more TFTs in real time
[7], [8]. Although it is a simple method to compensate for VTH,
poor compensation performance for low gray levels and the
reduced aperture ratio due to too many TFTs are unavoidable.
On the other hand, in the case of external compensation, the
VTH shift can be compensated by the external circuit [9]–[14].
This method requires fewer TFTs. Thus, the aperture ratio
can be increased, contributing to the display with ultra-high
resolution.

In addition to its excellent performance as a display, multi-
functional micro-LEDs with various functions such as tem-
perature sensing, light energy harvesting, and light detection
are being studied [15]. Because the reverse-current through
an LED is affected by the incident light, micro-LEDs can be
utilized as photodetectors to sense the intensity of incident
lights. Thus, micro-LEDs can be used as fingerprint sensors
as well as display devices. The fingerprint recognition has been
employed as a method to enhance device security [16], [17].
A fingerprint is a pattern composed of ridges and valleys,
which are represented by the convex and concave regions of
a fingertip, respectively. Many researchers have investigated
various fingerprint recognition methods in display systems,
such as ultrasonic, capacitive, and optical methods [17]–[22].
All of the technologies, however, need additional sensors to
recognize fingerprints. In addition, the user must touch a
pre-determined small area where the sensors are attached.

In this study, we propose a new micro-LED display archi-
tecture that features fingerprint recognition without additional
sensors and the external compensation method for ultra-high
resolutions.

II. PROPOSED PIXEL CIRCUIT

Fig. 1 shows I-V characteristics of a red LED in reverse
bias. The colored solid lines in Fig. 1 show the I-V charac-
teristics of the red LED under various irradiance. The black
dashed line represents the I-V characteristics without any
incident light. The I-V characteristics of the red LED were
measured when constant current flowed through a green LED
placed 4 mm apart facing each other. The spectral radiance
of the green LED depending on current was measured using
spectroradiometer and irradiance was calculated. The inset of
Fig.1 shows the reverse currents of the red LED depending
on irradiance from the green LED when the reverse bias of
the red LED was −3 V. The capacitance of LED (CLED)
was 30 pF, and the size was 200 μm × 100 μm. Due to
the photoelectric effect of LEDs, the LED photocurrents are
affected by ambient lights as shown in Fig. 1. Table I shows
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Fig. 1. Measured I-V characteristics and reverse current (inset figure)
of a red LED depending on irradiance caused by a green LED.

TABLE I
RESPONSIVITY DEPENDING ON COLORS OF THE LEDS

the responsivity depending on the color of the emitting and
sensing LEDs. We used green LEDs as emitters and red LEDs
as sensors because they showed the highest photocurrent and
high responsivity.

We propose a new pixel circuit for a micro-LED display
adopting the external compensation method and featuring
fingerprint recognition as shown in Fig. 2(a). The proposed
circuit comprises four transistors and one capacitor (4T1C)
whereas the conventional external compensation circuit is
composed of 3T1C [13], [14]. When a finger is placed on the
display screen, the pixels under the finger don’t need to emit
light related to image data. They can be used as light sources
or photosensors for fingerprint recognition because the finger
blocks lights from LEDs. The intensity of the reflected light
is dependent on where it is reflected in the fingerprint (valley
or ridge) [6]. In our proposed method, the LEDs under the
finger are used as light sources or photosensors. As the light
sources, the LEDs emit lights irradiating the finger. As the
photosensors, the LEDs generate photocurrents depending on
the intensity of the reflected lights from the finger. The
generated photocurrents are integrated in the proposed pixel
circuit. The right figure of Fig. 2(a) shows the fabricated
circuit using oxide TFTs. The channel length of all TFTs
was 3 μm. The widths of the driving transistor M2 and the
switching transistor M1 were 60 μm and 10 μm, respectively.
The width of two switching transistors M3 and M4 to initialize
the anode of the LED was 20 μm, and the storage capacitor
was 500 fF. In the experiment, VDD, VSS, and V1were 5, 0, and
−3, respectively. The voltage range of control signals Scan[n],
Sense[n], and EM[n] were -7 to 7 V. The conventional external
compensation method [13], [14] was applied. When detecting
VTH, M1 keeps on to maintain the VG. M3 turns on to initialize
the VS[n]. After Sense[n] becomes low, the drain current flows
through M2. Because of the current, the VS[n] is charged from

Fig. 2. (a) Proposed circuit diagram and photograph of manufactured
pixel circuit and timing diagram of the (b) VTH detection, (c) k detection,
and (d) proposed pixel circuit.

the initialized voltage to the voltage where VS[n] = VG-VTH
as shown in Fig. 2(b). VS[n] does not increase any more if
VS[n] reaches VG-VTH that means M2 is off. The k detection
can be done after VTH detection. M1 and M3 turn on to set
VGS of the M2. At this moment, the VGS includes threshold
compensation data. Sense[n] turns off later than Scan[n] to
initialize VS[n], then, VS[n] increases at a fixed VGS as shown
in Fig. 2(c). By measuring the �VS[n] at a given time, we can
estimate k of the M2.

Fig. 2(d) shows the timing diagram for the proposed pixel
circuit. One-line time is divided into three periods: VGS
reset, anode initialization, and VGS programming. During
VGS reset (period (1)), Scan[n] and Sense[n] turn on M1
and M3. The gate voltage of M2 becomes V1. M2 is turned off
because VS becomes higher than V1. In the anode initialization
(period (2)), Scan[n] goes low and EM[n] goes high. Sense[n]
keeps high, so the anode voltage of LED is initialized by M3
and M4 while keeping the M2 off. In display operation, during
the VGS programming (period (3)), Scan[n] and Sense[n] are
high, and EM[n] goes low. VDATA becomes image data voltage
including VTH compensation. Then, VGS of M2 can be set
according to the image data. The source node voltage VS[n]
abruptly drops down at the beginning of period (4) because
CLED is far higher than parasitic capacitance at the source
node. But VS[n] goes up so that the LED current matches
what the VGS of M2 determines. In photo-detecting operation,
during VGS programming (period (3)), the VGS that turns off
the M2 is set. Thus, there is no current from M2 even when
M4 turns on. Then, the source node voltage rises depending
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Fig. 3. (a) Comparison of measured VS in 3T1C (dashed lines) and 4T1C
(solid lines) pixel circuits and (b) the charge integration performance of
the proposed 4T1C circuit depending on irradiance.

on the LED photocurrent caused by the lights reflected from
the interface between the fingerprint and the cover glass.
The accumulated charges caused by the photocurrent are read
through VDATA line by using a charge amplifier in the driver IC
in period (6). VS[n] becomes the voltage for VGS reset during
period (5). However, in the beginning of the period (6), VS[n]
becomes almost the same as the final anode voltage (VFA)
in period (4) because one node of CST becomes floated and
CLED is very large. Thus, it is possible to read the accumulated
charges during period (6). In this way, the proposed circuit can
perform fingerprint recognition.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Fig. 3(a) shows the measured VS when VTH detection
method was applied. The dashed and solid lines indicate the
measured VS depending on irradiance in 3T1C and 4T1C
pixel circuits, respectively. At the beginning of VTH detection,
the currents of M2 with VGS of 2 V dominated the voltage
increase. So, the VS of −5 V rapidly increases to the voltage
where VS = VG-VTH. When VS increased to VG-VTH, M2
was turned off, but photocurrent of LED was still present.
Thus, the VS was increased with a higher voltage regardless
of VTH of M2.

The larger the irradiance, the more photocurrent flowed and
the larger the voltage changed. Measured VS at 40 ms were
−1.51, −1.17, 0.10, 1.03, and 1.17 V, where the irradiances
were 0.00, 0.05, 0.21, 0.41, and 1.54 W/m2, respectively.
Because the gate voltage of M2 was −3 V, estimated VTH
were −1.50, −1.83, −3.10, −4.03, and −4.17 V, which means
that VTH compensation is impossible.

The black solid line in Fig. 3(a) shows the measured VS
in 4T1C circuit depending on irradiance. A voltage of −7 V
was applied to the gate of M4. The measured VS was the
same regardless of irradiance as shown in Fig. 3(a), which
means that the proposed 4T1C circuit can compensate for VTH
regardless of the ambient lights.

Generally, VTH detection of external compensation is done
when the display is turned off because it takes a long
time. During the procedure, the ambient light may change
dynamically, and the corresponding effects are uncontrollable.
Furthermore, Ambient lights with a broader spectrum will
increase the VS faster. Therefore, M4 that blocks the harmful
effects of LED is indispensable in the pixel circuit adopting
the external compensation for AM micro-LED displays.

Fig. 3(b) shows the measured VS depending on irradiance
when the LED was used as a photosensor. The inset figure in

Fig. 4. Proposed novel display architecture featuring fingerprint
detection.

Fig. 3(b) is an enlarged view of the same waveform between
−0.2 to 0.2 ms. To turn off the M2, 2 V was applied during
the periods (1) and (3). −5 V was applied during period (2) to
initialize the anode as shown in the inset figure. VS measured
after one frame time (16.7 ms) reached −5.02, −4.84, −4.36,
−3.88, and −1.53 V under the irradiance of 0.00, 0.05, 0.21,
0.41, and 1.54 W/m2.

Optical fingerprint recognition methods distinguish the
intensity of reflected lights caused by refractive index dif-
ference. The light intensity reflected at the valley of the
fingerprint is about 33 times stronger than that reflected at
the ridge. Due to the linearity between the irradiance and the
photocurrent as shown in Fig. 1, the photocurrents according
to the pattern of the fingerprint will also be different by
33 times. The irradiance of 1.54 W/m2 is 30 times higher
than 0.05 W/m2. The final readout voltages were −5.02 V
and −1.53 V for 0.05 and 1.54 W/m2, respectively. This big
readout voltage difference of 3.49 V implies that the proposed
AM micro-LED display will easily distinguish the ridges and
valleys of fingerprints.

The proposed driving architecture is depicted in Fig. 4.
Built-in touch sensors provide information on where the
fingertip is located. The LED pixels under the fingertip act
as light sources or photosensors for the optical fingerprint
recognition. The LED pixels outside the fingertip emit lights
to display an image. Thus, fingerprint recognition is possible
everywhere because all the LED pixel circuits are the same
structure. There are no side-effects caused by additional light
sources and sensors. The external compensation technology
requires the sensing capability of the source driver IC. By mea-
suring the source node voltage of the driving transistor, VTH
and mobility are sensed and a compensated data voltage is
applied. Our proposed method also reads accumulated charges
through source nodes of driving transistors. Thus, both fin-
gerprint recognition and external compensation are possible
if our simple 4T1C architecture without additional sensors
is adopted.

IV. CONCLUSION

A new AM micro-LED display architecture adopting exter-
nal compensation that enables fingerprint recognition without
any additional light sources and sensors has been proposed.
A fingerprint can be recognized anywhere because all the LED
pixel circuits are the same structure. Furthermore, multiple
fingerprints are also recognized, which can strengthen the
security of mobile devices with the AM micro-LED display
adopting our proposed architecture.
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