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Abstract—In this paper, a printed audio amplifier, which is a
new application for organic electronics, is suggested. The amplifier
consists of several fully-printed bendable components including:
a loudspeaker, organic field effect transistors (OFETs), capaci-
tors, and resistors. All components are fabricated on polyethylene
terephthalate (PET) substrate by means of high-throughput print-
ing techniques. A complete self-biased circuit is reported consist-
ing of large multi-finger OFETs with channel length of 20 xsm and
total width of 0.475 meter. The amplifier provides a peak voltage
gain of 18 dB at 400 Hz, can reproduce sound pressure level of
36-60 dBA over 700 Hz to 12.5 kHz at one meter distance, and
has a unity-gain-bandwidth of 17.7 kHz/5.2 kHz when driving
0 nF/~39 nF load at Vpp = 80 V, respectively. The impact of
bias-stress effects on the amplifier performance is measured to
be ~3 dBA sound loss after 5 hours of continuous operation.
The whole circuit is packaged and laminated on a separate PET
sheet. In addition, the intrinsic electrical impedance of the printed
PVDF-TrFE piezoelectric polymer used in the loudspeaker is
characterized, and is modeled by a complex dielectric constant.

Index Terms—Amplifiers, analog circuits, audio systems, flexi-
ble printed circuits, loudspeakers, OFETs, organic thin film tran-
sistors, polymer films.

I. INTRODUCTION

RINTED electronics is mainly intended for the low-cost
mass production of large-area components on flexible
plastic substrate [1]. In this regard, several applications such
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Fig. 1. Fully mass printed piezoelectric loudspeaker on plastic substrate.
Structure and photograph of the loudspeaker used in this work.
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Fig. 2. Electrical impedance of the printed piezoelectric loudspeaker used in
this work.

as: 1) flexible displays [2]; 2) RFID tags [3]; 3) ambient light
sensors [4], etc., have been so far investigated.

In addition, the softness of polymeric materials used in
printed electronics could make this technology also suitable for
bioelectronics applications, because a flexible organic transistor
can make a reliable and stable contact with an arbitrary shape
biological system [5]. For example, printed organic transistors
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Vo = +80V Table II: Amp stage
Cb~86nF J— Rf2=477kQ él()pA/mm éZS.SpA/mm i40uA/mm Table [: Device parameters at 400Hz  gain (in dB) at 400Hz
PVDF-TrFE-CTFE +55.3V | OFET1 OFET2 ‘ OFET3 Device | 8yeffec. | CgstCea Fout Stage | Calc. | Meas.
i 100mm 150mm 225mm | OFET1 | 125uS | 506pF | 61.5kQ || #1 | 74 | 95
Vinput—{ }7'/"7 ndl +51.4V nd2 +49.7V Vout OFET2 | 206uS | 760pF | 28.4kQ #2 5.3 5.5
Cex20nF ] ;1.90mA ;3.82mA Ipc=0uA OFET3 | 450uS | 1.12nF | 20.4kQ #3 3.5 3.0
PVDF-TrFE +38.7V [
= R2=13kQ :9.06mA
Ri=2vidi Ly Fully-Printed Loudspeaker
= = = iR3=4.27kQ : CL~39nF
Cov~ L = M =
400pF 52pA Rf1=320kQ =

Fig. 3. Schematic of the fully-printed audio amplifier, dc bias points, OFET small-signal parameters, and calculated/measured amplifier stage gains at 400 Hz.

on a 1-pm-thick polymer film for on-body sensors are demon-
strated in [6], and it is shown that printed differential amplifiers
can be used for immunoglobulin G biosensors [7]. Also, a
printed time-temperature dose recording tag for monitoring the
spoilage of perishable products, e.g., food, is reported in [8].

Several reports on circuit design with organic technologies
have been recently published. A 240-stage shift-register is re-
ported in [9]. Many logic circuits such as D flip-flop, latch, and
counter are implemented in [3]. An operational transconduc-
tance amplifier with 60 dB dc gain and 57 Hz gain-bandwidth-
product, for measuring the current of an organic photodiodes,
is reported in [4]. Printed half-wave and full-wave rectifiers
[10] as well as a charge pump voltage multiplier [11] based
on organic diodes are demonstrated. In [12], a 4-bit counting
ADC with a sample rate of ~4 Hz is reported. In [13], an
AM demodulator with clock/data frequencies of 10 kHz/10 Hz
is presented. A screen-printed 7-stage oscillator is reported in
[14], which oscillates at 186 Hz. A folded-cascode amplifier
with 40 dB low-frequency gain and a unity-gain-bandwidth of
1.5 kHz is demonstrated in [15] and has been employed in a
switched-capacitor comparator.

However, most of the above-mentioned circuits are not
fabricated solely using printing techniques. For example, the
technologies used in [3], [4], [12]-[15] use gold sputtering and
laser ablation for forming the source and drain electrodes and
defining the channel. Thermal evaporation through a shadow
mask has been used in [10]; and photolithography has been used
in [9]. In [6] and [8], the dielectric layer is spin coated. In [7],
the semiconductor layer is drop-casted, and the dielectric layer
is also not printed.

Two fully-additively printed amplifiers have been reported in
[16] and [17], showing 7-27 dB gain at low-frequencies, and
50-70 Hz unity-gain-bandwidth.

An important missing part in most of the previously reported
analog organic circuits is the bias circuitry. Although biasing
is also a key part of analog silicon circuits, it becomes more
important and challenging in printed technologies because of
the higher process variations, and bias-stress effect in these
transistors which can dynamically change the device threshold
voltage and [-V characteristics. For example, the amplifiers
reported in [4], [7], [14]-[17] and the comparators in [13] have
been biased using external voltage and current sources. Few
circuit techniques have been proposed so far for addressing
these biasing challenges in organic technologies. For example,
common-mode feedback has been utilized in [18] to reduce the

sensitivity of single-stage differential amplifiers to threshold
voltage variations.

In a previous work, we have demonstrated the first fully
mass printed, polymeric, piezoelectric loudspeaker on paper
and polyethylene terephthalate (PET) substrate [19]. In another
work [20], we have demonstrated a truly fully-printed, all-
polymer, three-layer-dielectric (3L) organic field effect transis-
tor (OFET) technology on flexible PET substrate, but only a
ring oscillator circuit was demonstrated in that paper, which
could generate a single tone beep with the loudspeaker.

The speaker used in this work is illustrated in Fig. 1. It has an
active area of 128 cm? and a capacitor-like structure. PEDOT:
PSS top/bottom conductive electrodes, ~30 pum active layer
of piezo-polymer poly(vinylidene fluoride-trifluorethylene)
(PVDF-TrFE), and silver contact pads are all fabricated via
sheet-fed screen printing.

The electrical impedance of the speaker is shown in Fig. 2.
Below 1 kHz, the device behaves like a ~39 nF capacitor,
which is quite a heavy load. Above 1 kHz, the quality factor
@ = —tan(ZZ) starts to decrease, mainly because of the para-
sitic top/bottom electrode sheet resistances.

In Section II, we present the designed audio amplifier,
and its electrical and acoustical measurement results. Detailed
analyses of the piezo-polymer electrical impedance, its voltage
linearity, and energy conversion efficiency are discussed in
Section III. Methods for lowering the high operation voltage
of the speaker and the OFET are discussed in Section I'V.

II. FULLY-PRINTED SELF-BIASED AUDIO AMPLIFIER

Even so our printing technology has been recently signif-
icantly improved, it is still not mature enough and there are
many issues which impose limitations on the circuit design side.
For example, the yield concerns such as short circuits between
the source (S) and drain (D) fingers, or gate (G) to S/D shorts
through the pinholes in the dielectric, limit the number and
size of the OFETSs in a circuit. Also, the limited number of
interconnection layers restricts the circuit complexity and even
the number of resistors and capacitors which can be used in
the circuit. In addition, the large Vgp bias needed across an
OFET for keeping it in the saturation region, makes stacking
and cascoding techniques impractical with a reasonable supply
voltage. Keeping all these limitations in mind, we designed
the self-biased, three-stage amplifier shown in Fig. 3 with only
three OFETs.
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Fig. 4. Photographs of the fully-printed components. (a) OFETs and resistors.
(b) PVDF-TtFE coupling capacitor. (c) PVDF-TrFE-CTFE bypass capacitor.
(d) Complete amplifier after encapsulation and packaging.

The all-polymer, top-gate bottom-contact OFETs are fully
printed onto a 100-pum-thick flexible PET substrate shown in
Fig. 4(a). First, PEDOT:PSS source/drain electrodes are printed
by the Cyflex technology at a printing speed of 0.3 m/s. Then, a
blend of the small molecule CP-DIPS pentacene semiconductor
and amorphous PTAA is gravure printed. For the dielectric, a
stack of ~325 nm CYTOP as a low-k for a good interface,
~100 nm PVA modified with a fluorosurfactant as intermediate
layer, and ~1.35 pm ter-polymer poly[(vinylidenefluoride-co-
trifluoroethylen-chlorotrifluoroethylen] (P(VDF-TrFE-CTFE))
as a high-k layer are printed. Finally, another PEDOT:PSS ink
is screen printed for the gate electrode and S/D contact pads.
Details of the technology and typical -V curves can be found
in [20].

Two different carbon particle based ink formulations with
adapted conductivity of 790 S/cm and 50 S/cm are used for the
resistors R1, 2, 3, and Rfl, 2 to keep the printing area small.
This means, for Rf1, 2 a printing ink with high sheet resistance
is selected. In contrast, for R1, 2, 3 an ink with much lower
sheet resistance is used. Both inks are screen printed.

PEDOT:PSS ink used for the G/S/D electrodes results in
a low gate leakage and a semi-transparent OFET, but this
conductive conjugated polymer is too ohmic for long inter-
connections. Therefore, interconnects are flexo-printed with
a silver coated copper particle ink. One interconnect, which
connects V¢ to Rf1, is printed on the rear of the substrate and
is connected to the front by vias. The vias are realized with laser
drilling, and are filled with the conductive ink during the flexo
printing process.

A. Electrical and Acoustical Performances

The measured dc bias points and resistor values are given
in Fig. 3. The expected small-signal parameters given in the
inset Table I are extracted by measuring single OFETs shown
in Fig. 4(a) using characterization techniques reported in [21].
The effective transconductance (g —efiec.), and the output
resistance (rout) include the impact of parasitic S/D finger
resistances. The low-frequency stage gains can then be easily
calculated, and are compared to the measured values in the inset
Table II. The measured gains are within —0.5 dB to +2.1 dB of
the expected values. This proves acceptable uniformity and no
short circuits along the substrate.

In the amplifier, R1, 2, 3 are decreased in a way that the
current density, i.e., Ip/W, increases from 19 pA/mm (per
millimeter width) in OFET1 to 40 pA/mm in OFETS3, resulting
in Vg1 < Vsgz < Vsas, which would then result in a positive
Vep1 and Vape. The feedback resistors Rf1, 2 bias V¢ node
well below nd2, to maximize the output swing.

A normal human voice has a low energy content above
10 kHz. On the other side, the speaker performance becomes
weak below 300 Hz, which means that the amplifier perfor-
mance below 300 Hz is also not important. Although this
slightly relaxes the requirements on the input coupling com-
ponents Cc and Rf1, 2, still large R—C' time constant would be
needed at the amplifier input for passing signals above 300 Hz.
In addition, a high gate leakage in OFET1, or a high dielectric
leakage through Cc, would directly affect the bias V, voltage.
Therefore we used a low-leakage dielectric for the fully-printed
coupling capacitor Cc, but a high-k dielectric for the bypass
capacitor Cb as explained in Section II-C. The capacitor photos
are shown in Fig. 1(b) and (c).

The amplifier frequency response is shown in Fig. 5. Vj,,
ndl, and nd2 are only measured for the loaded amplifier (i.e.,
with loudspeaker), but V¢ is measured for both loaded and
unloaded cases. The amplifier shows ~18 dB peak gain at
400 Hz, and a unity-gain-bandwidth of 5.3 kHz/17.7 kHz for
loaded/unloaded cases, respectively. An example of the voltage
waveforms is shown in Fig. 6, reaching 16 V},;, output swing.
For better visibility, only the ac-coupled output voltage is
shown in this figure. The dc level of V4 in given in Fig. 3 and
has almost no impact on the output sound. The output swing
is mainly limited by the OFET2, 3 nonlinearities, because the
swing at ndl is much smaller than nd2 and V.

Fig. 7 shows the sound pressure level (SPL), at one meter dis-
tance, with a 0.8 V5 input signal to the amplifier, measured in
an anechoic chamber. All acoustic measurements are performed
using the acoustic measurement system Apollo from SINUS.
The SPL fluctuations in the frequency response are given by the
acoustical properties of the speaker especially its shape and size
as explained in [19]. As we can see in Figs. 2 and 5, the speaker
impedance and the amplifier frequency response change quite
smoothly with frequency. For example from 11 kHz to 16 kHz,
the amplifier voltage gain decreases 4.6 dB, but the output
sound decreases 23.3 dBA, i.e., 18.7 dBA loss is from the
speaker. However, 3.4 dB of this amount is from the attenuation
in the A-weight filtering used in the measurement system. This
filtering relates to the human ear frequency response and atten-
uates very low and very high frequencies which are difficult to
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Fig. 5. Frequency response of the amplifier, when driving the loudspeaker
(loaded), and not driving the loudspeaker (unloaded), at Vpp = 80 V, 25 °C.
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Fig. 6. Input and ac output waveforms at 400 Hz, Viypus = 800 mVyms,
Vpp =80V, 25°C.
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Fig. 7. Acoustic output of the audio amplifier at 1 m distance above the
loudspeaker, with Vi, put = 800 mVyms sinus signal, at Vpp = 80V, 25 °C.

hear. Therefore, the real performance loss of the speaker from
11 kHz to 16 kHz is 15.3 dB. As we will see in Section III, the
sound pressure is linearly proportional to the voltage applied
into the speaker.

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS

Vinput
_________ V,.n (unloaded amp)

DI Y | A V,, (loaded amp) 1%, .
e 0.2 %
g ot | -
=) 0p-— s 2 1
2 04F ] /"‘"

-0.2F a

-0.3F

2.5 :

2

—. 1.5p
S it ]
o 0.5 ]
o 0 S S T e -
£ 05} ol g .
g 1t i . 1

-1.5F it 1

-2F i 1
-2.5}F : A fieeend . . ,

5 4 3 2 1 0 1 2 3 4 5
Time (ms)

Fig. 8. Small-signal step response of the amplifier, showing no ringing and
good stability, at Vpp = 80 V, 25 °C.

The output SPL is within 36-60 dBA over 700 Hz to 12.5 kHz
at 1 m distance. Although it is not a strong sound, when
applying a ~800 mV,,s music signal to the amplifier, under
quiet condition it is audible by young people up to ~5 m
distance.

The feedback resistors Rfl, 2 are only intended for biasing
the amplifier. As we can see in Fig. 5, above 300 Hz, Vj,, is fully
shorted to Vi,put and Rf1, 2 become a negligible load at the
input and output nodes. However, since they create a feedback
loop, the stability should be checked. Fig. 8 shows small-signal
step responses of the amplifier, clearly showing no ringing for
both loaded and unloaded cases. From the phase data in Fig. 5,
e.g., for the loaded case, we have 90° phase delay and 8.8 dB
gain at 2.17 kHz from Vi, to Vou. Since Cc is much larger
than the OFET1 gate capacitance given in the inset Table I in
Fig. 3, we can assume a simple R—C' filter from V¢ to Vi,
with additional ~90° phase delay and 38.8 dB attenuation at
2.17 kHz; i.e., the loop has a gain margin of ~30 dB. We could
have further attenuation in the R—C filter and therefore better
loop stability by increasing the Cc and/or Rf1, 2. However, the
gate leakages of OFET1 and Cc pose a maximum limit on Rf1,
2 values because these dc currents mainly pass through Rf1 and
could change the bias of V.

In Fig. 8, we do not see a big difference between the
loaded and unloaded cases. Also, in Fig. 5 the loaded and
unloaded frequency responses are quite similar below 500 Hz.
The parallel connection of the speaker with R3||r,,+3 makes a
pole at ~1.2 kHz for the loaded case. Below this frequency,
the input resistance at Vj,, i.e., Rin, would be Rf2 in parallel
with Rf1/(1 4+ Ayo) where A,g is the inverting gain of the
three-stage amplifier, i.e., Ayo =~ 8. The series connection of
the coupling capacitor Cc with Rin||Cov||Cy_orrT1 makes a
zero at 0 Hz and a pole at ~230 Hz, independent of CL value.

Fig. 9 shows the impact of the supply voltage (Vpp) vari-
ation on the key circuit characteristics. Clearly, increasing the
Vpp increases the current through the OFETs and therefore im-
proves the g,,. As a result, gain and bandwidth of the amplifier
improve with Vpp.
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Fig. 10. Output impedance of the unloaded amplifier, at Vpp = 80V, 25 °C.

The absolute value of the output impedance |Zoys|, and the
parallel output resistance Ry, calculated from the real part of
the output admittance Yout = 1/Zout, of an unloaded amplifier,
are shown in Fig. 10. At low frequencies below 300 Hz, the
feedback loop significantly decreases the Z,,;. The peak value
of Ry, is around R3||Rf1||rou¢—orrTs as expected. Since the
printed OFET has quite large Cgq ~ Cgs, at high frequencies
above ~10 kHz, Cgq3 ~ 560 pF provides ~43% coupling
from V¢ to nd2, resulting in an additional parallel output
resistance of ~2.3/gm3. Also, the Q-factor of Cgq/q3 starts
decreasing above 10 kHz, therefore Ry,,, continue decreasing
with frequency.

The OFET threshold voltage is ~5 V, i.e., the drain voltage
can go up to ~5 V above the gate voltage. The voltage linearity
of the amplifier is shown in Fig. 11. As expected, the maximum
compression happens at 400 Hz where we have the maximum
gain and voltage swing at nd1l, nd2, and V.. However, even
with at 1 Vy,5 input, only 2.0 dB/1.6 dB/0.8 dB compression
is observed at 400 Hz/1.6 kHz/3.1 kHz, respectively, which

Fig. 12. Second and third harmonics of the output sound, relative to the first
harmonic, at 1 m distance above the loudspeaker, Vinput = 800 mVyms,
Vpp =80V, 25°C.

are quite small comparing to the speaker’s intrinsic SPL non-
uniformities and fluctuations.

To further evaluate the output sound quality, the second
and third harmonics of the output sound are measured using
the acoustic measurement system Apollo with a 10 inch mi-
crophone. The results are shown in Fig. 12. Above 1 kHz,
harmonics become more than 20 dB smaller than the main
sound (i.e., H1). The sound quality becomes low below 700 Hz
because: a) the voltage linearity of the amplifier decreases; and
b) harmonics are at two/three times higher frequencies, where
the speaker is much more sensitive. The fourth and higher order
harmonics are negligible.

B. Bias-Stress Effect

Charge trapping in non-single-crystalline semiconductive
films, such as organic materials, causes device characteristics
changes. Five-hour bias-stress tests on the 3L OFET are re-
ported in [20]. Continuous five-hour bias-stress tests on the
printed amplifier are shown in Fig. 13. Since the threshold
voltage slowly increases with time, Vgg1 increases and causes
the reduction of V., dc bias and the supply current. The
gm1,2,3 and therefore the amplifier performance degrade with
time because of: a) reduction of the drain current in OFET1, 3;
and b) reduction of the effective charge carrier mobility in all
OFETs due to charge trapping. ~3 dB gain loss is observed
after five hours, which causes 3 dBA lower sound.
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The five-hour test is repeated after letting the circuit to rest
for three days. Quite similar results are obtained in the second
run. This indicates that most of the trapped charges have been
released, and the circuit has recovered during the rest period.

In order to check that the observed performance degradation
is not caused by the resistors, an individual R3, which has the
highest current density among all resistors, is printed on a sepa-
rate substrate, and is biased at fixed 38.7 V using Agilent 2901 A
SMU for five hours as shown in Fig. 13(d). Only 1% resistance
loss is observed, whereas 10% supply current reduction is
observed in Fig. 13(a), which means that the impact of the bias-
stress in OFETs on the amplifier performance is quite dominant.
Since printed layers could be porous, probably joule heating in
the resistor changes the morphology and decreases the resistance.

C. Fully-Printed Capacitors

As mentioned in Section II, quite large and high-voltage ca-
pacitors are needed in the circuit, e.g., for feeding low audio fre-
quencies into the amplifier through the coupling capacitor Cc.
We screen printed two types of capacitors, one with the high-k
PVDF-TrFE-CTFE dielectric for the bypass capacitor Cb, and
the other one with PVDF-TrFE dielectric for Cc, both have
16 cm? active area, and PEDOT:PSS top/bottom electrodes as
illustrated in Fig. 4(b) and (c). Contact pads are printed with
silver ink.

The electrical impedance Z of capacitors is measured similar
to the Cytop capacitors in [21]. Then C is calculated from
the real part of the admittance Y = 1/Z, i.e., C = Re{Y}/w,
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Fig. 14. Fully-printed coupling and bypass capacitors. Measured C and angle
of admittance as a function of frequency at 25 °C.
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Fig. 15. Leakage current of printed capacitors as a function of applied voltage
at 25 °C. (a) Two samples of the bypass capacitor. (b) Three samples of the
coupling capacitor.

and is shown in Fig. 14. As expected, the high-k polymer
provides much higher capacitance, but it is also more frequency
dependent.

The dielectric leakage of multiple samples are compared in
Fig. 15. Although PVDF-TrFE has 4.4 times lower dielectric
constant at 1 kHz, it shows ~32 times lower leakage at +55 V.
Therefore, PVDF-TrFE is more suitable for the Cc while
PVDF-TrFE-CTFE is more suitable for the Cb.

We have to mention that, although Cc has the same dielectric
polymer as the printed speaker, it does not produce an audible
sound. As we can see in Fig. 5, Vj, is fully coupled to the
Vinput above 300 Hz, i.e., the ac voltage across the Cc becomes
almost zero.

D. Encapsulation and Packaging

The complete module is shown in Fig. 4(d) and consists
of a PET substrate equipped with the OFET substrate and
the two capacitors. The printed OFET substrate [Fig. 4(a)] is
laminated with a 200-pm-thick barrier foil, which significantly
slows down the chemical degradation of OFETs caused by
water/moisture and oxygen contamination. On the back side, a
35-pum-thick aluminum foil is taped for better heat distribution.
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Fig. 16. Electrical impedance models of the printed symmetrical loudspeakers.
(a) Distributed model. (b) Equivalent lumped form.

To achieve highly conductive and homogenous intercon-
nects, silver is inkjet-printed on another PET substrate and
subsequently cured in a convection oven. After that, the OFETs
and the capacitor Cc are attached face-up to the main substrate
by means of a non-conductive adhesive foil. Due to space lim-
itations, the two capacitors (Cb and Cc) are stacked upon each
other. An adhesive foil is applied on the bottom side of capacitor
Cb before assembly on the top side of capacitor Cc. This over-
lapping makes the parasitic capacitance Cov ~ 400 pF shown
in Fig. 3.

After that, a silver-based isotropic conductive adhesive is
dispensed onto the connection pads of the components and the
corresponding pads on the PET substrate. At the end, the com-
plete module is protected against environmental influences and
scratches by means of an additional 75-um-thick barrier foil
from 3M. We observed no damage to the circuit functionality
after packaging.

III. FULLY-PRINTED PIEZOELECTRIC LOUDSPEAKER

Even non-printed piezoelectric polymers are known to have
high dielectric and mechanical losses, elastic properties, and
frequency-dependent dielectric constant with a complex part
[22]. Therefore, advanced electromechanical models have been
proposed for modeling them at MHz range [23].

A complex dielectric constant is expressed in the form of
e =& — 7 x €”, which results in an admittance Y = C X jw =
(' —j x ") x (A/d) x jw, where A is the area and d is the
thickness of the dielectric layer. This gives a real partin Y, i.e.,
Re{Y} = ¢” x (A/d) x w, which accounts for the real power
consumption in the speaker.

To understand how much of the apparent power consumed by
the speaker is transformed into other forms of energy (including
sound), €” has to be measured. However, it is not possible to
directly calculate the € from a normal-size speaker impedance,
because as we can see in Fig. 2, the high surface resistance
of the PEDOT:PSS electrodes drastically affects the impedance
above 1 kHz. To bypass this problem, we printed short-length,
symmetrical speakers with structure shown in Fig. 16(a); i.e.,
with equal top and bottom electrode sheet resistances, and two
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Fig. 17. Measured complex permittivity of printed PVDF-TrFE, at 25 °C.

similar contact pads on two opposite sides of the speaker (unlike
the large speaker in Fig. 1 which one silver contact pad is
printed on three sides to reduce the ESR). Under these criteria,
even with a frequency-dependent e( f), the contribution of the
PEDOT:PSS electrodes to the total impedance Z between Padl
and Pad2 would be frequency-independent, and the structure
shown in Fig. 16(a), would have equal impedance to the struc-
ture shown in Fig. 16(b), where Rsh is the sheet resistance
of the electrodes, Rextl,2 are the resistance of the electrode
extensions outside of the piezo area, L is the length and W is
the width of the active piezo area. At very high frequencies,
the impedance of the pure piezo layer in Fig. 16(b) becomes
negligible comparing to the total electrode resistance Rtot; i.e.,
Rtot is measured from the real part of Z at MHz frequencies
and is ~270 ). Then, Rtot is subtracted from the Z, Y =
1/(Z-Rtot), and €'(f) and ”(f) are extracted from the Y and
are shown in Fig. 17.

In order to verify the impedance equality of the distributed
and lumped structures in Fig. 16, we divided the distributed
network into 32 segments, and simulated both structures [i.e.,
Fig. 16(a) and (b)] in ADS with the complex ¢ obtained in
Fig. 17, and observed that both real and imaginary parts are
exactly equal. This confirms the correctness of our approach.

In Fig. 17, the measured ¢ is reported for three different
piezo-polymer thicknesses. The &” is within 2.1-3.5 pF/m
over the frequency range of 700 Hz-15 kHz where we have
good acoustic performance in Fig. 7, whereas ¢’ is within
71-87 pF/m over the same range, since €’ /¢’ would be the
ratio of real over reactive power, it is clear that most of the
apparent power consumed by the speaker is just wasted in
the capacitive part. On the other hand, the €” contains all forms
of real energy consumptions in the speaker such as the output
sound, dielectric loss, and mechanical vibration loss. It is not
trivial to electrically measure each part separately. However,
large SPL fluctuations are reported in [19] for different size
speakers, and can be also seen in Fig. 7 e.g., within 8 kHz—
13 kHz, whereas in Fig. 17 the €” changes very smoothly,
without any sudden fluctuations. This suggests that the energy
transformed into the sound is much smaller than the dielectric/
mechanical losses.
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Fig. 19. Measured linearity of the complex permittivity of printed PVDF-TrFE
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The linearity of £ versus amplitude of the applied ac elec-
tric field, i.e., applied ac voltage divided by the piezo layer
thickness, is shown in Fig. 18. The speaker is biased at the dc
electric field of 1.2 V/um, which is close to the dc bias point
of the audio amplifier output at Vpp = 80 V. The &’ is very
constant, and the ¢” changes only < 8% up to 400 mV,,,,s/um.
16 Vpp output swing of the amplifier in Fig. 6 corresponds to
~190 mV,,,s/pm. Similar results are shown in Fig. 19 versus
the dc bias point of the speaker. The different behavior at posi-
tive and negative electric fields is because of the dielectric pol-
ing of the speaker. These results show that the speaker is biased
and operates at a very linear and stable point from both ac and
dc points of view. This is important because a nonlinear speaker
impedance would result in additional voltage harmonics at V
(because the amplifier has a relatively high output impedance)
which would then further degrade the sound quality.

In addition, as shown in Fig. 20, we measured the output SPL
as a function of applied ac voltage to the speaker at different
frequencies. For this test, the speaker was driven by the power
amplifier PA-1122 from Monacor, not by the printed circuit. A
20 dB/decade reference line is also drawn in this figure. Clearly,
all SPL lines are parallel to the 20 dB/decade line, which means
that the acoustic performance of the speaker has very good
voltage linearity as well.

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS

————— -~ A 20dB/decade reference line 2 :
——e—— SPL at 400Hz

- —a& -- SPL at 2kHz

60 Feoooccootrern: SPL at 8kHz
—-=-8-=— SPL at 14kHz. =

50 .

Output Sound Presure Level (dBA)

1 1 L 1

2 4 8 16 32
Applied Voltage to the Speaker (Vrms)

Fig. 20. Linearity of the output SPL as a function of applied voltage to the
speaker, at 25 °C.

IV. VOLTAGE SCALABILITY

The Vpp = 80 V is too high for some applications. However,
several techniques can be used for reducing the required voltage
of both speaker and amplifier in the future. For the OFETs,
following techniques result in an equal Ip at lower voltage,
and at the same time higher g,,, at equal Ip: a) printing thin-
ner dielectric layers or using new dielectrics with higher &,;
b) printing a shorter channel length; and c) using better polymer
semiconductors with higher mobility. A higher g,, at equal Ip
is also important because with a higher g,,, the resistors R1, 2 3
and therefore the voltage across them can be decreased while
having the same stage gain, i.e., g,, X R.

Regarding the speaker, it is known that its surface displace-
ment is in the nanometer range [19]. The same electric field
excitation can be created in the piezo layer at much lower
voltage by printing a thinner piezo. However, this is at the
moment challenging because of the large active area which
has to be printed pinhole-free, to avoid shorts between the
electrodes; and would also need a lighter (e.g., thinner) sub-
strate. In addition, since the speaker has good voltage linearity,
the sound can be considerably increased, or equivalently the
Vpp can be further decreased, using a rail-to-rail differential
output stage. However, this would require a complementary
technology with both n- and p-type transistors. In order to
significantly reduce the power consumption, one may design
an inductor-based switching driver, which could recycle energy
from the capacitive part of the speaker impedance. However,
this would first require MHz transistors.

V. CONCLUSION

This work studied fully-printed audio systems as a new
application for printed electronics on plastic. Clearly audible,
although not very loud, sound is reproduced using all-polymer
transistors and a piezo-polymer speaker. Promising results are
obtained. To the best knowledge of the authors, this is the first
fully-printed audio system capable of reproducing human voice
and music. By further improvement of the technology, it will be
possible to significantly reduce the supply voltage and power
consumption, and improve the amplifier bandwidth. Talking
books, advertisements or newsletters, and toys could be suitable
market applications for this low-cost technology.
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