Impact of bending on flexible metal oxide TFTs and oscillator circuits
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Abstract— Thin-film circuits on plastic capable of high-frequency signal generation have important ap-
plications in large-area, flexible hybrid systems, enabling efficient wireless transmission of power and in-
formation. We explore oscillator circuits using zinc-oxide thin-film transistors (ZnO TFTs) deposited by
the conformal, layer-by-layer growth technique of plasma-enhanced atomic layer deposition. TFTs on
three substrates—glass, 50-um-thick freestanding polyimide, and 3.5-um-thick spin-cast polyimide—
are evaluated to identify the best candidate for high-frequency flexible oscillators. We find that TFTs
on ultrathin plastic can endure bending to smaller radii than TFTs on commercial 50-um-thick freestand-
ing polyimide, and their superior dimensional stability furthermore allows for smaller gate resistances
and device capacitances. Oscillators on ultrathin plastic with minimized parasitics achieve oscillation
frequencies as high as 17 MHz, well above the cutoff frequency fr. Lastly, we observe a bending radius
dependence of oscillation frequency for flexible TFT oscillators and examine how mitigating device par-
asitics benefits the oscillator frequency versus power consumption tradeoff.
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1  Objective and background

Large-area electronics (LAE) offers unprecedented capabili-
ties as a technology for sensing. This is because its character-
istic low-temperature processing enables compatibility with a
variety of flexible substrates and materials for forming diverse
transducers. While a broad set of sensors have been demon-
strated, '™ creating full sensing systems with exclusively
low-temperature compatible components remains challeng-
ing because of the low performance of circuits made of most
thin-film semiconductors. Full LAE sensing systems can be
achieved effectively with a hybrid approach in which silicon-
CMOS ICs are coupled with LAE components [thin-film
transistor (TFT) circuits, sensors, large—area passive inductors
and capacitors, thin-film solar cells, batteries, etc.].>” In our
approach, we circumvent lengthy fabrication processes and
low vyield of monolithic system integration by fabricating
large-area subsystems with different functionalities on sepa-
rate polyimide sheets, which are then laminated together to
form a single flexible system. This lamination method is made
robust by the use of non-contact inductive or capacitive
interfaces for wireless data and power transfer between
subsystems, as illustrated in Fig. 1.

The ease of assembly that inductive and capacitive
coupling offers provides yet another motive for raising the
bandwidth of TFT circuits: raising the frequency increases

the power efficiency of such non-contact LAE interfaces.®
Raising circuit bandwidth calls for raising the field-effect mo-
bility of the TFTs from which the circuits are made. TFTs
made of amorphous hydrogenated silicon (a-Si), when proc-
essed at plastic-compatible temperatures, have field-effect
mobilities of ~0.5c¢m?>V~'s™! which restricts the frequency
of oscillator circuits made of a-Si TFTs to ~2 MHz.% We ad-
dress this challenge for ultra-flexible applications by (i)
employing zinc oxide (ZnO) with electron mobility of
~10em?>V~ts7! as the TFT channel material, (ii) using
atomic-layer deposition (ALD) as the ZnO growth technique,
with a polyimide-compatible growth temperature of 200 °C,
and (iii) growing on ultrathin (~3.5 pm) polyimide foil that re-
mains fixed to a temporary carrier during TFT processing.
Two important advantages of the ensuing dimensional stability
of the plastic substrate are a high device yield over large sur-
face areas and the ability to reduce parasitic overlap capaci-
tances. An additional advantage for working on plastic
substrates is provided by the ALD growth, which is highly
conformal and hence quite tolerant to surface roughness,
which again raises fabrication yield.

With this technology, we then employ a resonant circuit to-
pology that permits the oscillator to operate above the TFT’s
cutoff frequency, f1, because the TFTs are designed with high
unity power gain frequency fyax. High TFT fyax can be
achieved if TFT parasitics, particularly gate resistance and
gate-source/drain overlap capacitance, can be minimized,
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FIGURE 1 — Cross-sectional schematic (left) and photo (right) of inductive and capacitive

non-contact interfaces between subsystem sheets in LAE hybrid systems.”

which results in high-frequency (~17MHz) oscillations on
plastic. To our knowledge, the presented circuits represent
the fastest oscillators fabricated directly on ultrathin
(<5 pum) plastic at temperatures entirely <200 °C.

In this paper, we describe layer growth, device fabrication,
and circuit design and performance on ultrathin flexible poly-
imide foil and evaluate bending behavior of devices and
circuits.

2 ZnO TFTs on plastic substrates

2.1  Substrate materials

In our work, we use three types of substrates: glass, freestand-
ing polyimide (50 pm thick), and ultrathin (3.5 pm thick) spin-
coated polyimide. We use glass substrates for the purposes of
initial device and circuit validation. Between the flexible
plastic substrates, each has its advantages: {reestanding 50-u
m-thick polyimide can be incorporated more readily into
roll-to-roll processing lines, but spin-coated 3.5-pm-thick pol-
yimide exhibits superior dimensional stability and opens up a
new range of applications calling for ultrathin, ultra-flexible,
or conformal materials. We investigate the effects of bending
on TFTs on both of these plastic substrates.

Glass substrates are 1.1-mm-thick Corning 1737 glass that
are cleaned in a hot, sonicated Micro-90 (International Prod-
ucts Corp., Burlington, NJ, USA) solution before gate metal
deposition. Freestanding polyimide substrates are cut to size
from a roll of industry-grade 50-pm-thick DuPont Kapton-
E, cleaned in the same manner as glass substrates, and
outgassed for 8h under vacuum at 200 °C before metalliza-
tion. To prepare spin-coated polyimide substrates, a single
layer of HD Microsystems PI2611 is spin-coated onto a silicon
carrier wafer with native oxide (as in Pappaslo and Li and
]acksonn), cured for 3h in an Ny environment at 350 °C,
and lastly outgassed for 2h under vacuum at 200 °C before
metallization. Its final thickness (set by the spin speed of
4000rpm) is approximately 3.5um. For both plastic sub-
strates, fabrication proceeds directly on the bare polyimide
surface, without a barrier layer.

Freestanding (non-bonded) 50-um-thick polyimide sub-
strates are temporarily laminated to a glass substrate during li-
thography and expand and contract significantly during the
fabrication process. In Fig. 2, we see an example of this
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deformation: two TFTs on the same substrate are designed to
have 10-um gate-source/drain overlaps on each side but show
very different alignments of the source and drain metal pads
(vellow) over the gate metal line (gray) at the end of fabrication.
The TFT on the left, which is located in the center of the sam-
ple, has relatively equal gate-source/drain overlaps, but the TFT
on the right, which is on the right side of the sample, is severely
misaligned. To avoid this problem and ensure uncompromised
TFT yield across the full sample, the gate-source/drain overlap
dimension Xoy is typically kept to 15 pm for TFTs on freestand-
ing polyimide substrates. The same result is observed in a-Si
TFTs.'* This large Xoy imparts a significant overlap capacitance
Cov=Cecp=Ccs, which will be discussed later.

Unlike TFTs fabricated on freestanding polyimide sub-
strates, TFTs on spin-cast 3.5-um-thick polyimide do not ex-
pand or contract measurably during fabrication because they
are rigidly affixed to a carrier wafer. For this reason, this
TFT alignment dimension, the gate-source/drain overlap
Xov (and again, the Coy=Cgp=Cgs) can be three times
smaller, for example, 5um, matching the overlap dimension
and capacitance on glass.

After processing, TFTs on 3.5-pm polyimide substrates
must additionally be delaminated from the carrier. A border
in the polyimide is defined with a razor blade, and the entire
film is slowly peeled off the carrier along the direction of
channel length. Introducing deionized water between the film
and the silicon carrier makes this removal significantly easier.

2.2 ZnO/Al,O; TFT materials and fabrication

We choose ZnO as our active semiconductor material because
it offers high mobility while requiring less stoichiometric ex-
perimentation and control than ternary and quaternary ox-
ides. We use plasma-enhanced atomic layer deposition
(PEALD) because (i) it is compatible with the temperature
range for flexible substrates, (ii) it is a technique that results
in highly conformal films that can robustly cover rough plastic
surfaces, and (iii) it provides an exceptional degree of control
over layer thicknesses.' This last point is significant because
the ZnO layer thickness in our TFTs is just 20 nm.

Al,Oj3 serves as an effective gate dielectric that can with-
stand large electric fields (7 MVem ™), and because of the
PEALD deposition, it also forms a conformal coating over
rough substrates and large gate metal steps. We also use
Al,O3 as our back-channel passivation material, because it
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FIGURE 2 — Because of expansion and contraction of the polyimide substrate during pro-
cessing, gate-source/drain overlaps Xoy on freestanding 50-um-thick polyimide must be
made large. Even 10-um overlaps are problematic, resulting in well-aligned devices (left)
and poorly aligned devices (right) in different parts of the same sample.

results in TFTs with minimal threshold voltage shift and neg-
ligible hysteresis. The three oxide layers (dielectric, active,
and passivation) are deposited in a single run, without break-
ing vacuum.

We fabricate bottom-gate non-self-aligned ZnO TFTs over
7.5-cm x 7.5-cm areas, depositing the Al,O3 gate dielectric,
ZnO active layer, and Al,O3 passivation layer over a bottom
gate in a custom PEALD system based on Mourey et al.®
In each deposition cycle, metal organic precursor (diethylzinc
or trimethylaluminum) diffuses into the reaction chamber in
vapor form and adsorbs to the substrate surface. The metal or-
ganic is oxidized when a capacitive RF plasma of weak oxidant
gas (nitrous oxide or carbon dioxide) is struck, which results in
approximately a monolayer of zinc or aluminum oxide. The
plasma power density is 0.1Wem™2, and the deposition tem-
perature is 200 °C. A low power density results in transistors
with low hysteresis, and elevated (although still plastic com-
patible) temperature helps to prevent multilayers of metal or-
ganic precursor from condensing on the substrate surface.
Temperatures above 200°C result in reduced mobility
(~60%), while temperatures below 200°C appear to have
slightly higher (5-10%) mobility, but also increased variation
over the substrate area, but could be pushed lower to enable
a wider range of plastic substrates. After PEALD steps, addi-
tional processing steps deposit the source and drain metals,
define the active area, and deposit interconnect metal.
Figure 3 shows the device cross-section and top view and
specifies layer thicknesses. The gate-source/drain overlap di-
mension Xoy is indicated in red. The top view at right shows
that source, drain, and gate pads are capped with an addi-
tional 50-nm Cr, 100-nm Au top-metallization layer for low-
resistance interconnects between TFTs.

Table 1 gives a comparison of parameters and dimensions
between TFTs on glass, freestanding 50-um polyimide, and
3.5-um delaminated polyimide and shows small differences

in mobility and threshold voltage. Figure 4 shows typical
7ZnO TFT I-V transfer curves and shows that devices fabri-
cated on ultrathin polyimide are comparable with devices fab-
ricated on glass.

Figure 5 shows a photo of a delaminated 3.5-pm polyimide
foil with ZnO TFTs.

2.3 Strain limitations of ZnO TFTs on thick
and thin flexible polyimide substrates

To establish the bending limits of TFTs on flexible substrates
under strain, TFTs were bent into cylinders of decreasing ra-
dius in both convex (with the TFT on the outer surface of the
substrate) and concave (with the TFT on the inner surface of
the substrate) configurations, with the TFT channel length
perpendicular to the axis of the cylinder, as shown in Fig. 6.
The convex configuration corresponds to the application of
tensile strain, while the concave configuration corresponds
to the application of compressive strain. For tensile (convex)
bending, TFTs were bent around metal drill bits. For com-
pressive (concave) bending, custom plastic half-pipes were la-
ser cut to ensure that the thin TFT layers would not be
abraded by contact with a drill bit surface, and TFTs were
curled inside the half-pipes. Current—voltage sweeps were
performed before and after the strain was applied to the
TFTs: the TFTs were measured initially, bent to the desired
radius, flattened, and then measured again. The TFT W/L
was 500 pm/5 pm (Table 1).

2.3.1 Bending ZnO TFTs on freestanding
polyimide

Thin-film transistors on 50-pm-thick, freestanding polyimide
foil exhibit electrical changes when bent around cylinders of
decreasing radius in both tension and compression. The per-
cent change in mobility and threshold voltage as a function
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FIGURE 3 — Cross-section and top view of ZnO TFT fabricated on an ultrathin 3.5-um spin-
cast polyimide substrate. ZnO TFTs fabricated on freestanding 50-um polyimide have a sim-
ilar structure but are not attached to a carrier wafer and have thinner gate metal. ZnO TFTs on
1737 Corning glass have an identical structure but without a carrier wafer.

TABLE 1 — TFT parameters on glass and Pl substrates.

Glass 50 um PI 3.5 um PI
u(em* V7 sTh 13.4+2.0 83=+1.1 113+12
Vi (V) 2.0+0.4 2902 224023
Cen/W (fFFum™) 10 30 10
Rared W (Qum™ ") 0.07 0.04 0.07
W (um) 500 500 500
L (um) 5 5 5
KXoy (um) 5 15 5

Mobility and threshold voltage are extracted from the saturation portion of
the Ip—Vgs curve at Vpg=6V for 15 devices for each substrate.
PI, polyimide; TFT, thin-film transistor.
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FIGURE 4 — TFT transfer characteristics for Vpsof 0.1 and 6 V for devices
on glass (solid) and 3.5-um polyimide (dashed) after delamination.

of inverse bending radius (= curvature) is plotted in Fig. 7. We
see that the mobility steadily reduces in both tensile (blue)
and compressive (red) cases and that the threshold voltage in-
creases slightly, even at large bending radii. Even at a bending
radius of 3.5mm in compression, mobility has reduced by
about 30% from its initial value. Surprisingly, mobility de-
creases for both tensile and compressive strain. At the
smallest radii (a range of 2-3mm), the gate dielectric
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FIGURE 5 — ZnO TFTs on 3.5-um-thick polyimide delaminated from sil-
icon carrier. Flexible laminated connectors to off-sheet inductors are also

shown.
/-"'-__“'-.\
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FIGURE 6 — Schematic indicating (leftmost) bending direction and (right)
cross-sectional views of compressive and tensile strain configurations.

suddenly fails, and catastrophic gate leakage results in total
device failure.

Because the TFT is grown on a compliant substrate, the
strain should be estimated via Eq. 115,

. _(df+ds><1+2n+xn2) N
top surface — R (1 T '])(1 T X’?)

where dy, d; are the film and substrate thicknesses, R is the
bending radius, # = dy/ d; (the ratio of film-to-substrate thick-
nesses), and y = Y/ Y, is the ratio of the Young’s moduli of the
film and the substrate. Assuming that the TFT thin-film layers
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FIGURE 7 — Percent change in mobility (top) and threshold voltage (bot-
tom) from initial flat values after application of tensile (blue) and compres-
sive (red) strain for ZnO TFTs on 50-um freestanding polyimide. Mobility

degradation is notable even at a bending radius of 3 mm. For each bending
radius and each strain configuration, four TFTs were tested.

have total thickness 300nm and Young’s modulus 100 GPa,
and using 5GPa as the Young’s modulus for the polyimide
substrate,'? the TFTs break catastrophically between 0.7%
and 1.1% strain in compression and tension, although they
show signs of degradation much earlier.

Microscope images of TFTs that failed in tension (left) and
compression (right) are shown in Fig. 8 and suggest that phys-
ical damage for bending the TFTs on thick polyimide results
in electrical degradation and ultimate device failure. We ob-
serve that the transparent 40-nm-thick gate dielectric cracks
and flakes off in the immediate vicinity of the 100-nm gate
metal step (gray line). In many areas of the sample, the gate
metal itself shows significant cracking. These observations in-
dicate that for robust flexible TFTs on freestanding polyimide,
the gate metal thickness must be reduced even though this re-
sults in increased gate resistance. In these images, we see
again the alignment challenge with TFTs on freestanding pol-
yimide, which limits the value of the gate-source/drain overlap
XOV to 15 Hm.

2.3.2  ZnO TFTs on ultrathin spin-cast
polyimide

Ultrathin spin-cast substrates offer distinct advantages for
flexible TFTs. For the same bending tests performed in
Section 2.3.1, TFTs on ultrathin spin-cast substrates exhibit
very little change in mobility or threshold voltage even down
to bending radii of 1 mm in both tension and compression,
as shown in Fig. 9.

I TFT after tension I I TFT after compression

Drain Source

FIGURE 8 — ZnO TFTs on 50-um-thick freestanding polyimide after ap-
plying tensile strain (left) and compressive strain (right). In both cases, we
observe that the transparent oxide layers crack and begin to flake off, par-
ticularly along the gate metal step.
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FIGURE 9 — Percent change in mobility (top) and threshold voltage (bot-
tom) after application of tensile (blue) and compressive (red) strain for ZnO
TFTs on 3.5-um polyimide change very little down to a bending radius of
1 mm. Each data point corresponds to five TFTs.

Strained TFTs furthermore show no visual signs of fatigue.
For this reason, we are able to employ a gate metal up to
120 nm thick for TFTs on spin-cast substrates without limiting
the bending capability of the TFTs. As discussed previously,
the absence of material contraction/expansion during process-
ing also allows TFTs on spin-cast substrates to maintain an
Xov of 5 um, as on glass, without alignment difficulties affect-
ing yield.

Because the ultrathin substrates are 3.5 um thick, the sub-
strate thickness is only about 10x thicker than the total TFT
layer thickness. This reduces the strain experienced by the
whole structure. Via Eq. 1, the strain corresponding to a 1-
mm bending radius is only ~0.09%, so it is not surprising that
the electrical parameters of the TFT are relatively constant.
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Below this radius, testing becomes challenging. “Folding”
the substrate on top of itself, directly across a TFT, causes a
sharp (but undefined) bending radius <500 um (Fig. 10).
The TFT characteristics remain unchanged, however, after re-
lease of the fold (Fig. 11), demonstrating the clear superiority
of ultrathin substrates for applications in which the substrates
must be deformed.

3 High-frequency TFT oscillator design

3.1 Resonant oscillator topology for
high-frequency TFT circuits

Resonant oscillator circuits are essential to the hybrid LAE ar-
chitecture because they generate high-frequency oscillations
required for efficient non-contact inductive or capacitive in-
terfaces between different functional sheets within a system
(Fig. 1). High-frequency operation of LAE circuits is typically
limited by low TFT transconductance g,, and large gate-
source/drain and gate-channel capacitances Cgs, Cop, and
Cccyp, resulting from micron-scale Xoy and L. To overcome
these obstacles, we use high-quality planar inductors enabled
by LAE? to resonate out large TFT capacitances in a resonant
inductive—capacitive (LC) oscillator circuit. In this way, TFT
oscillators operating above fr can be robustly achieved. In this
work, we use the cross-coupled LC oscillator topology, pic-
tured in Fig. 12. L;,4 and Ry, refer to the inductance and re-
sistance of the planar inductor, TFTI and TFT2 are two
equally sized ZnO TFTs (sizing as before, W/L =500 pm/
5 pm, Xov=5 ],J.Hl), VSUPPLY is the DC Sllpply Voltage, VOUT
is the node at which the output is measured, Ry, is the
TFT gate resistance, and Cgpya, Casie, and Cacy, are the
TFT overlap capacitances and the gate-to-channel
capacitance.

e

. |

\

E—
1 mm

FIGURE 10 — ZnO TFTs on 3.5-um-thick delaminated polyimide folded
over itself with TFTs on the inside experience a <500-um bending radius
but little electrical change. Inset shows fold radius close up.
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FIGURE 11 — TFT transfer characteristics before (black) and after (dashed
red) folding in half in compressive configuration. Fold corresponds to a
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FIGURE 12 — Schematic of the cross-coupled LC oscillator topology,

with relevant parameters labeled. Parasitic quantities are drawn in red.

If the positive feedback condition of this circuit is satisfied,

(uCacn ¥ (Vas — Vi) Ling

> 1, 2
CPm‘ (Rind + Rgate) < >

ngTANK =

where g, is the TFT saturation transconductance, then the
circuit will oscillate at a frequency f,. set by the inductance
of the planar inductor L;,q and the C,,,, of the circuit:



foe=1/ (27r\/Limsz,,r), (3)

where C,,,,, due to Miller capacitances, is dominated by TFT
overlap capacitances:

Cpar = 2% (Cap1 + Capz) + Casi2 + Cacn (4)
=5xCov + Cqen

For a given TFT geometry and fabrication process, positive
feedback is made easier by either (i) boosting Vsyppry and
thereby boosting transconductance g, or (ii) increasing the
size of the inductor L;,4. Boosting Vgyppry results in increased
power consumption, while increasing L;,s increases area and
reduces the oscillation frequency (according to Eq. 3). Hence,
careful circuit design and TFT materials improvement have
important impacts on system-level metrics. In the following
section, we focus on design of the oscillator parameters that
impact the feedback condition (Eq. 2) and frequency f,.
(Eq. 3).

3.2 Optimization of TFT fy4x for oscillations
beyond fr

Mobility 4 and device capacitances C¢s, Cap, and Cgcy, are
most prominent in setting the TFT’s cutoff frequency, f7, the
frequency at which current gain is unity: fr=g,/22(Ccp
+Cqcn + Cgs). This motivates using ZnO for high g, and
minimizing gate-source/drain overlap size and channel length,
all to 5pm in this work, which as discussed is achievable on
glass and spin-cast polyimide substrates but not on freestand-
ing polyimide. At Vog=Vpg =9V, we have measured that our
ZnO TFTs on glass substrates (W/L =500 pm/5 pum,
Xov =5um) have fr=12.9 MHz.

As discussed, resonant circuit topologies enable the oscilla-
tor frequency f,. to exceed fr if the condition for positive
feedback (Eq. 2) is met at small inductance L;,;. However,
an additional TFT limitation imposes a caveat: fyax, the
TFT’s unity power gain frequency, must exceed this resonant
oscillation frequency f,., or oscillations will not occur. fyax is
expected to exhibit a strong dependence on Ry,

1 Jr
2 Rye”
\/ ZﬂfTCGDRgﬂte + ;”

(5)

f MAX —

Thus, Ry is a new focus for TFT optimization, which is
typically not critical for digital circuit delay or for the cutoff
frequency fr. Our standard TFT process for digital applica-
tions has a 100-nm-thick sputtered chrome gate with ~3 €/
sq sheet resistance. This was reduced to 0.3/sq by
sandwiching an aluminum layer up to 80nm thick between
Cr bottom and top layers, increasing the overall gate thickness
to 120 nm. Capping the Al layer with >20 nm of Cr prevents
sharp hillocks from forming during 200°C PEALD deposi-
tion; hillocks can puncture the thin 40-nm AlLO; gate

3 ---Spectre simulation
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FIGURE 13 — ZnO TFT fyax (red) depends on gate resistance Rgae. Mea-
sured and simulated fralso shown (blue). Measurements taken on glass.

dielectric and create electrical shorts. For this bottom-gate
process, keeping the total gate metal thickness <120nm en-
sures adequate step coverage by the 40-nm gate dielectric
across the 7.5-cm x 7.5-cm substrates. At this thickness, al-
though the dielectric to gate thickness ratio is 1:3, the confor-
mal ALD deposition of the oxide materials ensures that there
are zero gate-to-source/drain shorts. Because Al is more duc-
tile than Cr, this composite gate material has the added advan-
tage of preventing the gate metal from cracking under strain
on ultrathin polyimide substrates.

To illustrate how important Ry, reduction is to raising
fuax. Fig. 13 shows the measured fyzax of ZnO TFTs having
three different gate resistances in red (fyzax values predicted
by Spectre simulation based on a Level-61 SPICE model for
our ZnO TFTs are also shown). f7 values from measurement
and simulation are plotted on top in blue and as expected
do not exhibit a dependence on gate resistance. With the re-
duced C¢p, Cgg, and Ry, specified in this paper, we measure
fr of 129MHz and fyax of 35MHz at a bias condition of
Vas=Vps =9V on glass substrates.

Note that g,,Rzank (Eq. 2) depends inversely on the sum
of Rgyue + Ring. Because oscillators presented here employ
low-resistance planar copper inductors, Ryue + Rina= Ryates
and hence, Ry, optimization has powerful consequences.

4 Results: demonstrated oscillator circuits

4.1  ZnO TFT-based oscillator on plastic

Using ZnO TFTs on 3.5-um polyimide with optimized fysax
(reduced R, and high f7), we construct the cross-coupled
LC oscillators described in Section 3.1. To approach the fre-
quency limitation (fyzax) set by the TFTs, we employ a range
of planar spiral inductors with varying values of L;,,, all with
low-resistance (low R;,;) 25-pum-thick copper traces. Inspec-
tion of Eq. 2 and Eq. 3 indicates that reduction of Ry, and
Cpar allows the positive feedback condition (Eq. 2) to be
met with reduced L;,4 values, which then results in higher os-
cillation frequencies (Eq. 3). L;,q was reduced in discrete in-
crements by replacing larger spirals with smaller ones until
oscillation was no longer observed. Figure 14 shows the
oscilloscope-measured output waveform of a cross-coupled
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FIGURE 14 — Output waveform of ZnO TFT oscillator on a 3.5-um poly-
imide substrate.

oscillator on a 3.5-pm polyimide substrate with L;,; = 3.7 pH.
At Vgyppry of 9V, the circuit oscillates at fosc=17 MHz,
which significantly above the fr of 12.9 MHz.

We measured the oscillation frequency while bending the
plastic substrate into a cylinder, with the TFT channel length
perpendicular to the direction of axis of the cylinder, as in
Fig. 6, and with TFTs on the outside of the cylinder (corre-
sponding to tensile strain). The change in oscillation fre-
quency as a function of bending radius of the TFTs in the
circuit is provided in Fig. 15. When the entire oscillator (TFTs
and inductors) is bent to the same radius, the frequency
changes measurably. However, when the inductors are flat-
tened, but the TFTs remain bent, the oscillation frequency
returns to its unbent value.

This behavior is explained as follows: the inductance L4 of
the planar inductors decreases as its bending radius increases,
as shown in Fig. 16. This causes the oscillator frequency to
shift upwards upon bending. Inductors with very different in-
ductances but identical outer radius (i.e., different numbers of
turns) have nearly identical bending behavior, which suggests
that inductor geometry plays a role in this effect. For the in-
ductor used in the oscillator measured while bending in
Fig. 15, we see a 10% reduction in inductance at an inverse
bending radius of 0.08 inverse millimeters. Equation 3 pre-
dicts a 5% increase in oscillation frequency as a result of a
10% inductance decrease, which is exactly the result we see
in Fig. 15. This change in oscillation frequency as a function
of bending radius is important to consider in large-area flexi-
ble systems employing resonant LC oscillators.
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FIGURE 15 — Bending oscillators impacts oscillation frequency through
the inductor, not the TFT (TFTs are in tension; red point corresponds to un-
strained inductor). In this circuit, Lj,y=152 uH, Vsyppy=6.3V, and un-
bent fos(_‘: 2.2 MHz.
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FIGURE 16 — Bending planar spiral inductors on plastic significantly im-
pacts inductance value, which impacts fosc.

5  Oscillation frequency and power consumption

Because oscillator frequency can be increased at the cost of
increased power consumption (by increasing Vsyppry to in-
crease g,,), it is useful to look at power consumption and fre-
quency together. Figure 17 shows the maximum oscillation
frequency we could achieve at a given level of power con-
sumption for cross-coupled oscillators constructed from
reduced-Ryq, ZnO TFTs on glass, high-R,u. ZnO TFTs on
glass, and reduced-Ryu ZnO TFTs on 3.5-um polyimide. As
seen, the use of ZnO TFTs with low R, in our cross-coupled
oscillators leads to a substantial frequency—power improve-
ment. The frequency/power consumption tradeoff for flexible
oscillators is worse than glass substrate counterparts, because
of a higher effective Ry (52Q instead of 33 Q) imparted by
parasitic interconnect resistances outside of the TFTs in this
circuit. With improved interconnects, we expect the results
for oscillators on polyimide to approach the result for glass.

6 Conclusions

In this work, we evaluated ZnO TFTs on plastic substrates to
identify the best material choices for fast, flexible oscillators
in LAE non-contact interface circuits. Using PEALD ZnO
for highly conformal films with excellent thickness control,
we built TFTs with mobilities of ~10em?>V~'s™! on glass,
50-pum-thick freestanding polyimide, and 3.5-pm-thick spin-cast
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FIGURE 17 — Power-frequency comparison. For a given Ry, oscillator
frequency and power consumption are both increased by boosting Vsyppry

to raise g, (to more easily satisfy the positive feedback condition of Eq. 2)
and then reducing L;,4 to increase oscillation frequency (via Eq. 3).



polyimide substrates. TFTs on 3.5-pm-thick spin-cast polyimide
substrates have advantages over TFTs on 50-um-thick free-
standing polyimide. In compressive and tensile bending tests,
while TFTs on 50-um-thick freestanding polyimide show elec-
trical and physical deterioration at ~3-mm bending radii, TF'Ts
on 3.5-um-thick spin-cast polyimide substrates can withstand
bending to <1-mm radii without showing significant degrada-
tion of mobility or threshold voltage. TFTs on 50-pum-thick
freestanding polyimide also exhibit poor dimensional stability
during processing and hence require three times larger
(15 pm) gate-source/drain overlaps than TFTs on glass for
high yield during lithographic alignment, while TFTs on
3.5-um-thick spin-cast polyimide can maintain the same over-
lap dimension used on glass (5 pm) because they are affixed to
a rigid carrier substrate and cannot expand and contract dur-
ing processing. This smaller overlap dimension corresponds
directly to a smaller parasitic TF'T capacitance.

For these reasons—robustness to bending and ability to
minimize device parasitics—we made ZnO TFT oscillator cir-
cuits on 3.5-pum-thick spin-cast polyimide. These oscillators
employ a resonant cross-coupled LC topology and can be op-
timized for high fyzax by reducing X, and Ry TFT oscilla-
tors on 3.5-pm-thick spin-cast polyimide exhibit maximal
oscillation frequency of 17 MHz, well above the TFT f7, and
exhibit a power—frequency advantage over high-R, counter-
parts on glass. Oscillators are also evaluated while bending,
and an increase in frequency is observed with decreasing
bending radius. The increase in frequency corresponds ex-
actly to the measured reduction in inductance of the planar
inductors used. The observed change in oscillation frequency
as a function of bending radius is important to consider in
large-area flexible systems employing resonant LC oscillators.
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