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Abstract

Having enabled high-value application capabilities through mass production of flat-panel displays, X-ray imagers, and solar
panels, Large-Area Electronics (LAE) holds potential to open new frontiers in wireless applications for the Internet of Things
and 5G/6G, by enabling unprecedented spatial control and power efficiency through large size and flexible form factor of
radiative apertures. However, this requires boosting operation frequencies from the traditional limits in the range of 10-100’s
of mega-Hertz to multi giga-Hertz. In this paper, we discuss critical device metrics, to characterize zinc-oxide (ZnO) thin-
film transistor (TFT) operation frequency for both active (for signal amplification) and passive components in LAE-based
circuits and systems. We then describe the key structural and material approaches towards recently demonstrated LAE-based
giga-Hertz wireless systems employing ZnO TFTs. Bringing LAE to the giga-Hertz regime provides a path towards flexible

and meter-scale monolithic integrated wireless systems.

Introduction

Large-Area Electronics (LAE) has been widely used in
flat-panel displays, X-ray imagers, and solar panels, with
internal circuits operating at frequencies up to~ 100 MHz
[1, 2]. With the large substrate size and flexible form factor
enabled by LAE, recent research shows the unique benefits
of using LAE for wireless applications for the Internet of
Things (IoT) and 5G/6G. This necessitates bringing LAE to
the giga-Hertz regime [3-6].

Future wireless systems envision steering of antenna radi-
ation beams, in order to spatially address densely distributed
sensor nodes. The key enabler for such systems is a multi-
element directional antenna, where the direction of the radia-
tion beam can be set by controlling the radiative elements, as
shown in Fig. 1a. The spatial resolution of radiating beams
is a critical metric, and is determined by the ratio of antenna

Yue Ma and Can Wu have contributed equally.

< James C. Sturm
sturm @princeoton.edu

Yue Ma
yuema@princeton.edu

Department of Electrical and Computer Engineering,
Princeton University, Engineering Quadrangle, 41 Olden
Street, Princeton, NJ 08544, USA

Present Address: Tower Semiconductor Ltd.,
Migdal Haemek, Israel

size D to radiation wavelength A. Higher D/ A values provide
higher spatial resolution, and typically D/A > 10 is required
for practical systems. A comparison of LAE and Si-CMOS
technologies in Fig. 1b illustrates LAE’s advantages for such
applications. Although Si-CMOS is capable of operation to
hundreds of GHz, the limited achievable chip size requires
system operation frequency to above ~ 100 GHz. At such
frequencies the radiation range is substantially degraded due
to the strong signal loss in air [7, 8]. Alternatively, bringing
LAE (with meter-scale D for large radiative apertures) to
the GHz regime opens a new circuit/system design space
for achieving large D/ A. This frequency range is of particu-
lar interest for low-power wireless communication (such as
Wi-Fi and Bluetooth) and sensing.

This paper starts by examining the key device metrics
for high-frequency operation of LAE TFTs, namely, the
unity current gain frequency f; and the unity power gain
frequency fyax for active components, and the off-to-on
impedance ratio | Zopp/Zoy | for passive components. After
establishing connections between these metrics and funda-
mental material and device parameters, the structural and
material approaches towards giga-Hertz ZnO TFTs are elab-
orated. Based on the TFT advances, we introduce two proto-
types of the LAE-based multi-element directional antennas:
(i) a 1 GHz phased array; and (ii) a 2.4 GHz reconfigurable
antenna.
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Fig. 1 a Schematic of a multi-element directional antenna with direc-
tion of radiation beams controlled through tuning the relative phase
of each individual radiative antenna element. b Comparison of the

Materials and methods

Figure 2a shows the schematic of the bottom-gate ZnO
TFT used in our work. The gate electrode is a compos-
ite stack of Cr/Al/Cr, deposited by thermal evaporation
and patterned by wet etching. The gate dielectric (40 nm
Al,05;), the semiconductor (10 nm ZnO), and the passi-
vation (35 nm Al,O;) are deposited by plasma-enhanced
atomic layer deposition. The source and drain (S/D)
regions are patterned by self-alignment (details in Results
and Discussions) and the S/D contacts are Ti/Au bilayers.
The overlap between S/D to gate (Ly) introduces parasitic
capacitance, which limits the device operation frequency.

The maximum temperature of device fabrication
is <200 °C, and thus the process is compatible with flex-
ible substrates. A typical transfer curve of short channel
ZnO TFTs (W/L = 150um/1um) is shown in Fig. 2b.
The mobility (u,) and the threshold voltage (V) are
extracted to be 9.3 + 2.0cm?/(V  5) and 1.8 + 0.1V by fit-
ting \/I)?s vs. Vgg curve at Vgg =5 ~ 6V and Vg = 6V
(saturation region), over 10 long-channel ZnO TFTs
(W/L = 150um/62um).
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Results and discussion

This section first discusses the relevant device metrics (e.g.
to drive antenna elements as in Fig. 1a) and device design
approaches for TFTs biased in the saturation region (high
Vps). where high-frequency (current/power) amplification
can be provided. In this “active” case, the device operation
frequency is limited by heating from the power dissipated
in the TFTs (Vpg ¢ Ing). This finding also motivates sys-
tem architectures where TFTs are used as gate-controlled
switches in the linear region (low Vpyg), to avoid this power
limitation. In this role, the TFTs are not used to amplify
current/power and hence are referred to as “passive”
devices. An alternate device metric for passive TFTs is pre-
sented, followed by the demonstration of a multi-element
directional GHz antenna employing passive ZnO TFTs.

ZnO TFTs used as “active” devices
The directional antenna of Fig. 1a can be realized with an

array of radiative antenna elements, each individually having
phase controllability via a circuit based on ZnO TFTs biased
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in the saturation region [6]. The figures of merit to charac-
terize the operation speed of these active devices are f; (the
frequency at which the current gain falls to 1) and fy;,x (the
frequency at which the power gain falls to 1).

Definition and optimization of f- and f

In high-frequency applications, devices are typically used
at a fixed “DC operating point”, and the “signal” is a small
high-frequency oscillation (“AC signal”) on top of the DC
operating point. ZnO TFTs are biased in the saturation
region to provide “small-signal” current gain |H,, |,

fou | _ |

lin

|Hy | =

G
where i;, represents the small-signal input current to the gate

of TFT and i, represents the output current at drain.

The TFT’s transconductance g,, is defined as s\l/ﬁ (deriva-
GS

tive since the slope indicates voltage-to-current gain at the
DC operating point for small-signal operation). Larger g,,
gives larger output current and thus improves current gain.
For an id/eal TFT, g, = ,unC/OX%(VGS — Vr) in saturation
region (C, is the gate oxide capacitance per unit area) [9],
so higher DC bias voltages increase current gain. Due to the
gate capacitances in TFTs, as frequency increases, the input
current (for a fixed AC voltage) increases and thus current
gain decreases. The frequency at which |H,, | decreases to 1
is defined as the unity current gain frequency f, i.e. only
below this frequency can a TFT amplify current frorln input
8m

to output. In the ideal case shown in Fig. 2¢c, fr = - 2=,
IN

where the input capacitance Cjy = Cgg = %C/ox eWelL,

resulting in f; = i . %C;i’fW_L = ﬁ . M The key
message from a material and structural point of view is that
the channel length L should be short and the mobility u,
should be high.

Further, from a physical point of view, one can define

“transit time” as ¢ =2, fi The transit time is the aver-

transit Ax .

age time it takes for an electron to go from source to drain,
qualitatively explaining why short L and high u, are desired
for high speed operations.

Moving beyond these first-order effects, the overlap of the
gate with S/D (Ly in Fig. 2a) causes parasitic capacitors
between gate and source and between gate and drain (Cyy g5
and Cyy gp in Fig. 2¢). These lead to a higher input capaci-
tance and thus higher input current. Therefore, the current

.. .1 &

gain is lower, and f; is — ¢ ———2—
2 / 2
n COX-Wo<§L+2LOV)

, showing that

smaller Ly is a route towards a higher f.
With the gate and S/D defined by different lithographic
steps, large overlap (~ 5Sum) is unavoidable due to allowances

for alignment tolerances. Our approach to reducing Ly is a
self-alignment process [10], shown in Fig. 2d. In the lithogra-
phy step for S/D patterning, the photoresist is exposed by UV
light coming from the back of substrate, utilizing the transpar-
ency of ZnO and Al,O;. The gate metal works as a mask to
block UV light on channel region. The location of S/D thus
follows the location of the edges of the gate. This approach
can reduce Ly to ~ 0.5um and L to ~ 0.7um [11, 12], with
the residual amount possibly due to effects such as light dif-
fraction at pattern edges and chemical processes in the resist.

Aside from being used in current amplifiers, ZnO TFTs
can work as active components in high-frequency oscillators
to resonantly drive the radiative elements in a directional
antenna [6]. In resonance, ZnO TFTs provide power gain to
counteract power losses in the resonant tank. The Maximum
Available Power Gain (MAG) is defined as the theoretically
highest ratio of a TFT’s output power to a circuit, versus its
input power. The frequency where MAG = 1is defined as the
unity power gain frequency fy.x. In order to optimize fyax.
it’s necessary to first identify the sources of power loss within
a TFT. Two examples are shown in Fig. 2e. One obvious
source is current flowing through the gate resistance (Rg) to
charge and discharge the gate capacitor of the TFT in each
AC cycle. Second, in the saturation region, the drain current
Iyg 1s ideally flat when Vg increases. However, in reality Ing

slopes upwards in short channel TITTs (L £ 2um), with out-

. o,
put resistance r, defined as < 5 DS

>_ (the inverse of the slope)
VDS

being non-infinite. Rigorous circuit analysis (beyond this
paper) shows that finite r, leads to a reduction in output
power and thus limits fy;ax (fyax = i

)
2 V Rg*(2afrCoyp+1/r,)

[12, 13]. Since r, is an intrinsic device parameter and is gen-
erally difficult to tune, we primarily improve fy;,x through
the reduction of R;. To reduce R, we: (i) use a thick com-
posite metal stack (10 nm Cr/110 nm Al/40 nm Cr, sheet
resistance = 0.4Q/sq) as the gate electrode; and (ii) employ
a multi-finger device layout (divide the total width of TFT
into multiple fingers to reduce the resistance along the gate
width direction, shown in Fig. 2f).

As shown in Fig. 3a, f; and fy;ax are measured to be
670 MHz and 1.9 GHz at V5 = Vg = 6V, after these mate-
rial and device optimizations. A higher achievable fy;,x, as
compared to fr, motivates fy;ax-limited circuit architectures
for LAE systems.

Demonstration of multi-element directional antenna based
on ZnO TFTs used as active devices

With ZnO TFTs working as active devices, we demonstrated
an LAE-based oscillator operating at 1.1 GHz [11], which
is the first LAE-based giga-Hertz circuit to the best of our
knowledge. The giga-Hertz operation frequency is enabled
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«Fig.2 a Schematic of a bottom-gate ZnO TFT (L = TFT’s channel
length; W = TFT’s channel width; L,y = length of overlap between
source/drain to gate). b Typical transfer curve of short channel ZnO
TFTs (W/L = 150um/1pm). ¢ Small-signal models for f; derivation.
Left: small-signal model of ideal ZnO TFT with no Ly between S/D
to gate; Right: small-signal model of practical ZnO TFT with Lqy
between S/D to gate. d Schematic of self-alignment process to reduce
Lgy. e Gate resistance (Rg, on the left) and output resistance (r,, on
the right) as examples for sources of power loss within ZnO TFT. f
Microscopy image of multi-finger layout that reduces gate resistance,
with zoom-in on the channel region

by a circuit structure limited by a TFT’s fy;,x (instead of fr,
which is only ~ 600 MHz) due to the “LC” resonant opera-
tion with an inductor [14]. With these giga-Hertz oscillators
working as distributed RF sources, each driving one radia-
tive antenna element (as in Fig. 1a), we have demonstrated
an LAE-based phased array with beamforming capability
at 1 GHz [6]. This shows a path towards monolithic phased
arrays in the GHz regime for wireless systems with high
spatial control. [Note: Our experimental phased array meas-
ured ~ 0.4m from end to end. The TFTs were fabricated
monolithically, but unlike industry, our lab is not capable
of processing meter-scale substrates. For the system dem-
onstration the individual antenna-drivers were bonded to a
meter-scale circuit board. ]

Power limitation on fand f

Based on the discussion regarding f; and fy;ax, @ higher g,,
will boost f; and fy;ax, Which can be achieved by biasing
TFTs with higher gate and drain voltages. However, raising
voltage and current eventually leads to device failure. We
investigated this experimentally at each Vg by raising Vg
until failure occurred. Figure 3b shows the drain-to-source
current at breakdown I prragx and the breakdown power
Ppreak = Vps * Ips sreax Versus Vpg. At Vpg =3V, Vg of
~ 22V was reached before breakdown, but at Vg = 16V,
device failure occurred at Vg of only ~ 9V. However, the
device power (and thus the average device temperature) at
breakdown was roughly constant for all Vg values. This sug-
gests thermally induced breakdown [5], the physical origin
of which is currently under investigation. We note that LAE
substrates (such as glass and plastic) generally have thermal
conductivities orders of magnitude lower than silicon, mak-
ing LAE devices susceptible to hot spots.

On the practical side, this power limit sets an upper bound
to operation in the saturation region (where Vg and Iyg are
high): the maximum gate voltage possible before breakdown
is ~ 9V. This limit motivates applications where TFTs are
used in the linear region (low Vg, shown in Fig. 3d), instead
of the saturation region, since in the linear region the current
through the TFT and thus the power dissipation are much
lower. In this case, ZnO TFTs work as passive devices. They

no longer provide current/power gain as active devices do. In
the following section, we introduce an architecture that uses
the TFT as a simple tunable switch (ON or OFF) to construct
a directional antenna at GHz frequencies.

ZnO TFTs used as “passive” devices

As opposed to multiple separate antennas used to gener-
ate a radio-frequency (RF) beam with tunable direction (as
in Fig. 1a), a controllable beam directionality can also be
created by a single antenna with multiple selectable cur-
rent paths across antenna aperture. Setting the current paths
controls the radiative elements and thus the beam direction
[15]. We constructed such an antenna where an array of 208
TFTs was used to control current paths over an area of 9 cm
X 9 cm [5]. The power was supplied by a single external RF
generator and the TFTs functioned as “passive” switches
routing RF signals from drain to source, each turned on/off
by its own DC gate voltage. A key device metric for these
passive switches is the off-to-on impedance ratio |Zogr/Zoy|
between source and drain at RF frequencies.

Definition and optimization of |Z - /Z oy |

As shown in Fig. 4a, when the switch is off (V5g < V), the
off-state impedance (|ZOFF |) is dominated by the impedance
of overlap capacitance (Cpy g and Cyy gp) in series, since
the parasitic series resistance RE, contributed by the highly
conductive metal gate, is negligible. When the switch is on
(Vs > V), the on-state impedance (|Zoy ) is dominated by
the channel resistance Ry. It is clear that we can improve
|Zogr/Zox | by both reducing |Zoy | and increasing | Zogg |- The
corresponding device design approaches are summarized as
follows [5].

To reduce | Zyy |, we bias the switches with hlgh Vs and

%
low V¢ to lower R since Ry = 2 8 ———
Ds CH> CH ™ s #,2C,, °_°(VGS_VT)

The device power consumption can be calculated as
P =Vpg e Ips ~ p,Cop T ¥ (Vs = V)  Vpg?, and therefore
the small Vg value guarantees the margin for safe operation,
below the thermally induced breakdown limit.

We use the same TFT device structure as in the earlier
oscillator example. In this case, reducing the overlap capaci-
tance through self-alignment increases |Zogg|, and the thick
composite gate electrode reduces parasitic resistance. We
also employ an LAE-compatible, high quality-factor, induc-
tor in parallel with ZnO TFT to resonate out the overlap
capacitance.

Figure 4b shows the microscopy image of the demon-
strated resonant RF switch, consisting of a ZnO TFT and
a loop inductor in parallel. A ~ 20kQ resistor made of a
thermally deposited Cr layer is added at the gate of the TFT,
to isolate the switch from the DC biasing line and to protect

) springer



Y.Ma et al.

270
@ 40 > lag
[ i B 14
al III
30t Si e 130
o 2 v, S
=20 S 2i{20 3
- ! N | —_
~ | | [«
E ' 110 2
| |
| |
0 : < O
Ves = Vps = 6 V T~
-10 — i 10
10 10 10
Frequency (Hz)
(© '
20t I I
E ””/
% 15¢ T 1
& . il
>8 10 } Lmizr //{, = I { I ;
5 .’,/’ ]
Saturation ——-Vps =Vgs - Vr

2 4 6 8 10 12 14 16
Vps (V)

Fig.3 a Measured small-signal current gain (|H21 |) and Maximum
Available Power Gain (MAG) of ZnO TFT (W/L = 50um/1um)
biased at Vgg = Vg = 6V. b Measured breakdown current I preax

the switch from electrostatic discharge. In this configuration
the device power is low. Then, to lower |Zyy/| for raising
|Zoge/Zon | we can operate safely (without breakdown) at
Vs up to at least 20 V (vs. a maximum of ~ 9V in the satura-
tion case). The measured switch impedances in the ON and
OFF states are shown in Fig. 3(c), with an off-to-on imped-
ance ratio over 22 within a bandwidth of 400 MHz (2.2 GHz
to 2.6 GHz), and a peak off-to-on impedance ratio of 48.

Demonstration of multi-element directional antenna based
on ZnO TFTs used as passive devices

With ZnO TFTs working as passive devices, we demon-
strated a reconfigurable antenna operating in the 2.4 GHz
Wi-Fi band [5]. The resonant RF switches reconfigure the
current distribution over the antenna surface. By varying
switch configurations this antenna system can tune its reso-
nant frequency and the radiation pattern.

4 Springer

—_
(=2
~

N
(6}
(%4
o

N
o
he
1
1
1
1
—e—
1
{ J
1
F—e— 1
1
I
g
IS
o

< o
£ 15 \:{ [} {30 2
= joll
£ 10} ¢ 20 3
RS E
5t ¥~ o 110
i .I~ -¥_ - - .
0 n n n n n n n
2 4 6 8 10 12 14 16
Vps (V)
(d) ;
Passive devices i Active devices
! ~.
S :
s :
7. [}
0 1
[}
:
}
|
[}
0 1
0 Ves - Vr

Vps (V)

vs. Vg and breakdown power Pyppsx V. Viyg. € Measured breakdown
gate-to-source voltage Vg grrax VS. Vps. d Schematic of difference in
biasing points for active devices and passive devices

Conclusions

To fully realize the potential of for applications in IoT
and 5G/6G, the operation frequency of LAE devices and
systems has been raised to giga-Hertz. This requires co-
design of materials, device structure, fabrication pro-
cesses, and circuit architecture. The TFT’s unity current
gain frequency fr of 670 MHz and unity power gain fre-
quency fyax of 1.9 GHz were demonstrated. |Zogr/Zoy|
reached 48 in the 2.4 GHz Wi-Fi band. Thermal con-
siderations affect the device operating limits and thus
the possible choice of circuit architecture. In summary,
giga-Hertz LAE opens new opportunities for wireless
applications, as it enables monolithic integration over
meter-scale, flexible radiative apertures. This makes
Large-Area Electronics a promising candidate for IoT
and 5G/6G systems.
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Fig.4 a Schematic of ZnO TFT used as passive switch and device
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b Microscopy image of resonant RF switch, with zoom-in on the
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