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ABSTRACT This work reports a novel low-temperature poly-silicon thin-film-transistor-based pixel circuit
for active-matrix neurostimulation. The pixel circuit consists of four transistors and one capacitor
(4T1C) for programmable current-mode stimulation, which are designed for storing stimulation intensity
information, simultaneously stimulating a large number of channels, and discharging stimulation electrodes.
Due to the high mobility and low threshold voltages of the devices, the fabricated circuit occupies a
pixel area of 200 x 200 umz, and delivers a stimulation current of 147 pA, sufficient to stimulate
a neuron. The turn-on resistance of the fabricated transistor is below 6 k2, sufficient to be used as
switches for bioelectronic applications. By employing a discharging switch transistor, the accumulated
charges on the stimulation electrodes were released, and the electrode voltage was reduced to 0.08 V, thus
mitigating corrosion. We demonstrated that two pixel circuits at different rows and columns can output
stimuli simultaneously without a noticeable delay. This pixel circuit shows high potential to scale up as

an active-matrix neurostimulation system with a high channel count.

INDEX TERMS Active matrix, neurostimulation, simultaneous stimulation, thin film transistors.

I. INTRODUCTION

Recent advances in brain-computer interfaces show a
promising prospect for integrating biological tissue with elec-
tronic devices, especially in neurostimulation [1], [2], [3].
To interface neural tissue directly, thin film transistors
(TFTs) are potential for flexible and large-area bioelec-
tronic systems [4], [5], compared to highly integrated
CMOS chips. By using TFT matrix as switches (i.e., a
1ITOC pixel circuit), high-channel-count neurostimulation
systems can be achieved [6], which is a bottleneck in
conventional neurostimulators that use the one-to-one wiring
scheme [7], [8], [9]. However, in the state of the art of

TFT-based neurostimulation, the 1TOC pixel circuit only
stimulate neurons when addressed. In other words, this TFT
switch matrix is passive and cannot support simultaneous
stimulation at different rows or columns. Therefore, it
is appealing to introduce an active-matrix method for
neurostimulation, similar to the way high-resolution active-
matrix displays are achieved [10], [11].

For neurostimulation, there are some specific requirements
for devices and circuits. Typical stimulation signals are
rectangular current pulses [12], [13], and neurons respond
differently according to the magnitude of the pulses (1 -
100 wA) [14]. Besides, a simultaneous stimulation matrix
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FIGURE 1. Cross-sectional view of the fabricated p-type LTPS TFTs. S/D
stands for source and drain, and G stands for gate.

ensures that the neurostimulator can deliver different patterns
and stimulate neurons at different positions without delay. In
addition, stimulation pulses can cause charge accumulation
between electrodes and eventually result in reduction and/or
oxidation on the electrodes [15]. To solve this problem,
a method for stimulation with discharge is required [16].
Taking these into account, for a neurostimulation matrix,
programmability, discharge, and simultaneity are essential
requirements for proper stimulation. These further require
TFTs to have high mobility, low threshold voltage, and high
on/off ratio, to sufficiently stimulate neurons at low operating
voltages and reduce background stimulation noise [17], [18].

In this work, we demonstrate a novel 4T1C pixel circuit
for active-matrix simultaneous neurostimulation, using a
low-temperature poly-silicon (LTPS) TFT technology. The
operation of the circuit takes the advantages of the fabricated
LTPS TFTs and has been verified with measured results.
This LTPS TFT pixel circuit for the first time enables a neu-
rostimulation matrix to program pixel stimulation intensity
independently, output stimuli simultaneously, and discharge
stimulation electrodes, which are the key requirements for
high-channel-count neurostimulation.

Il. LTPS FABRICATION AND PROPOSED PIXEL CIRCUIT

A. FABRICATION OF LTPS TFTS

The fabricated p-type LTPS TFTs use a top-gate self-
aligned structure, as shown in Fig. 1. This structure could
significantly reduce parasitic capacitance, important for TFT
circuit implementation for neurostimulation applications. For
device fabrication, a layer of poly-silicon was deposited on
the glass substrate, followed by the channel area with an
n-doping process. A SiOx layer was deposited by plasma-
enhanced chemical vapor deposition without patterning, as
the gate insulator. The gate metal Mo was deposited and
patterned by photolithography. Using the gate metal as the
hard mask, the poly-silicon was highly p-doped to form
the source and drain electrodes, rendering a self-aligned
structure. After deposition of a SiOx buffer layer, vias were
etched for connection of source and drain metal. Finally,
a trilayer of Ti/Al/Ti was deposited as source and drain
contacts. The devices were characterized by a Keysight
B1500A Semiconductor Device Parameter Analyzer.

B. OPERATION OF PROPOSED CIRCUIT
The proposed circuit comprises four transistors and one
capacitor as shown in Fig. 2(a). Tse is the switch addressed
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FIGURE 2. (a) Schematic and (b) timing diagram of the proposed 4T1C
stimulation pixel circuit. P1 and P2 stand for phase (1) and phase (2) in a
stimulation cycle.

by selection lines (Vge[j]) to program voltages on data lines
(Vdaali]) to the storage capacitor Cg. Tgrive is the driving
transistor to provide the stimulation electrodes with current.
Teyl 1s the switch to control the output of the stimulation
pixel. Tgis is the switch to ground the stimulation electrode
and release the accumulated charges.

Fig. 2(b) illustrates the timing diagram of the proposed
circuit. Each stimulation cycle includes two phases. During
phase (1), the programming and discharging processes are
carried out concurrently. Ty is turned on when V[j] is
low, and the stimulation intensity on Vgaa[i] is written in Cs.
Unlike the line-by-line programming of the data/selection
lines, all Tg;s of the matrix is turned on for all the stimulation
electrodes to discharge for the longest possible period. By
turning off Ty, the programming and discharging operations
are isolated to prevent interference between them.

In phase (2), Ts and Tgis are turned off, and Ty is
turned on. Tgrjve Operates in the saturation region as a current
source, and all T¢y of the matrix are turned on at the
same time to ensure that all pixels provide current stimuli
simultaneously. The stimulation intensity (i.e., the current of
Tarive) 1s modulated by the voltage data stored in the Cs.

IIl. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. DEVICE CHARACTERIZATION

The electrical characteristics of a typical transistor with a
channel W/L (width-to-length ratio) of 20 wm / 4 pm are
shown in Fig. 3(a,b). The p-type TFT presented an on/off
ratio of 107 and a threshold voltage of —0.52 V at the drain
voltage (Vps) of —10 V. The large on/off ratio is important to
achieve active-matrix neurostimulation without background
stimulation noise. The mobility of the p-type transistor
was 72.9 cm2/V -'s, which guarantees sufficient current
for neurostimulation. As shown in Fig. 3(b), the output
characteristics of the TFT show a high current (>100 pA,
sufficient for electrical neurostimulation [19]) in saturation
region at low voltages (IVgsl < 6 V, [Vpgl <5 V) and a large
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FIGURE 3. (a) Transfer and (b) output characteristics of a typical LTPS TFT
(W/L =20 um /4 um).

FIGURE 4. Microscopic photo of the fabricated 4T1C pixel circuit.

Early voltage of 20.6 V. The pixel circuit was fabricated with
a p-type LTPS TFT technology, and the circuit operation was
verified with measured results. The sizes of Tsel, Tetl, Tais
were 20 pm / 4 pm, Tgrve was 10 pm /4 pm and Cg was
1000 pwm?, as shown in Fig. 4. The pixel circuit occupies a
small area of 200 x 200 umz, which is comparable with the
pixel area of typical neural electrodes (e.g., Utah Array).
Such small area can be attributed to the high mobility of
LTPS TFTs.

B. STIMULATION PROPERTIES OF THE PIXEL CIRCUIT
We characterized the function of the fabricated circuit as
a neural stimulator pixel, as shown in Fig. 5. The gate
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FIGURE 5. Measured output current (/o) of fabricated pixel circuit as
function of time.

voltages of T and Ty transistor switches were toggled
between 20 V and —20V, to bias the transistors in the cut-
off region and linear region, respectively. The linear region
operation for the on-state was to ensure low resistances for
the transistor switches, and thus the output current (loy) is
mainly determined by the gate voltage of Tgrve (i.€., the
stored voltage data). Two different data voltages of 0 V and
5 V were programmed through the data line. As shown in
Fig. 5, the control signal (V) effectively controls the on-
and off-states of Iy, while the level of I,,; can be modulated
by data signal (Vgaia) on the gate of Tgyyive. Specifically, two
different stimulation current intensities of 147 wA and 35
WA were observed (Fig. 5).

The Ioy—V4ata relation was further characterized by sweep-
ing Vda, While keeping Tgel/Tcy1 on and Tgis off. As shown
in Fig. 6(a), a quadratic relation was observed, which can be
attributed to the operation of Tgyive in the saturation region.
This saturation region operation also guarantees that the
pixel circuit acts as a current source, stabilizing the output
current regardless of the changes in load impedance. This
is particularly important for biomedical applications, since
the impedance changes variably at the electrode/electrolyte
interfaces [20], due to the unstable biochemical environ-
ments. Fig. 6(b) illustrates that the output current remained
41 wA when output resistance Roy = 100 k2 (maximum
output current 48 pwA). This flat output characteristics can
tolerate biological impedance changes between 1k<2 and 100
k2 without significant output current change (< 20%), as
compared to a voltage source scheme with a large fluctuation
of 99%. Indeed, the tolerance was enabled by the saturation
characteristics of the fabricated LTPS TFT, which could be
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FIGURE 6. (a) Measured I, under different voltage data (V,¢a)-
(b) Output characteristics of the pixel circuit at Vg4, =3 V.
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FIGURE 7. (a) Measured voltages of the stimulation electrodes with and
without a discharging transistor (T;s), under pulsed stimulation. The bold
lines show the smoothed voltage over time. (b-d) Microscopic photos of
the electrodes (b) before stimulation, (c) after stimulation without T ;¢
discharging, and (d) after stimulation with T4;s discharging. The squares
are indium-tin-oxide electrodes.

further improved by a larger channel length or a thinner
semiconductor layer.

C. DISCHARGING FUNCTION OF THE PIXEL CIRCUIT

The damage to stimulation electrodes was mitigated by
adding a discharging transistor. Fig. 7(a) shows the measured
voltage of stimulation electrodes with and without a dis-
charging transistor, Tgis. The stimulation (Vgaa = 5 V) lasted
1 ms, followed by a relaxation of 4 ms. The short relaxation
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FIGURE 8. Schematic of a 4T1C active-matrix stimulation array.

was intended to expedite the corrosion of the stimulation
electrodes. The electrodes were soaked in the normal saline
to simulate a biological environment. For both cases with
and without Ty, we observed spikes in the measured
voltages of the stimulation electrodes, as shown in Fig. 7(a).
These spikes resulted from the charging and discharging of
the electrodes under stimulation and relaxation, due to the
resistive and capacitive nature of the electrode/electrolyte
interfaces. The voltages of the electrodes were smoothed
over time to show the trend of voltage shift. Without Tgs,
the smoothed voltage increased at the starting cycles and
saturated at 1.45 V. Such a high DC bias can accelerate
the corrosion of the electrodes. In comparison, with Tgis
releasing the accumulated charges, the averaged voltage
was 0.08 V, which lowered the probability of electrode
corrosion. The mitigated damage was confirmed by the
optical microscopic photos of the electrodes before and after
5-min stimulation (Fig. 7(b)-(d)). The electrodes without Tgis
discharging showed obvious physical damage with holes,
while the electrodes with Tg;s discharging remained visibly
intact. Such fast discharging was enabled by the low on-state
resistance of the fabricated LTPS TFT (~ 5 k€2). Therefore,
it is important that the devices possess a high mobility to
act as a good switch for bioelectrode discharging.

D. IMPLEMENTATION OF AN ACTIVE-MATRIX
STIMULATOR

The pixel circuit was implemented to a matrix as shown
in Fig. 8. The control signal and discharging signal were
connected to every pixel, to achieve the simultaneous opera-
tion of output and discharge for all pixels. The simultaneous
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FIGURE 9. Measured output current of two independent pixel circuits as a
function of time. Inset: output current in a zoomed-in time scale.

stimulation of two different pixel circuits from different rows
and columns was demonstrated. After programming all pixel
circuits, the stimulation current output simultaneously as
designed as shown in Fig. 9. The circuit showed a rise time
of 8 us and a fall time of 13 ps, without a noticeable delay
between the two pixels. The rise/fall times are relatively
short compared to typical stimulus, of which the pulse
duration is normally about 50-100 ps. The short rise/fall
times and unnoticeable delay can be attributed to the self-
aligned structure of the fabricated LTPS TFTs.

IV. CONCLUSION

This work presents a pixel circuit for active-matrix
neurostimulation using LTPS TFTs. Compared to the con-
ventional one-to-one wiring scheme, the 4T1C design can
upscale channel counts by orders of magnitude. By imple-
menting the circuit with LTPS TFTs, this work for the
first time demonstrated a current stimulation pixel circuit
which allows a neurostimulation matrix outputs stimuli
simultaneously at different rows and columns, and programs
the stimulation intensity independently. We expect that the
proposed TFT active matrix would provide a promising solu-
tion for large-area and high-channel-count neurostimulation.
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