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ABSTRACT

Organic strain gauge and other sensors require high-gain, precision dc amplification to process their low-level output
signals. Ideally, amplifiers would be fabricated using organic thin-film field-effect transistors (OTFT’s) adjacent to the
sensors. However, OTFT amplifiers exhibit low gain and high input-referred dc offsets that must be effectively managed.
This paper presents a four-stage, cascaded differential OTFT amplifier utilizing switched capacitor auto-zeroing. Fach
stage provides a nominal voltage gain of four through a differential pair driving low-impedance active loads, which
provide common-mode output voltage control. p-type pentacene OTFT’s are used for the amplifier devices and auto-zero
switches. Simulations indicate the amplifier provides a nominal voltage gain of 280 V/V and effectively amplifies a
1-mV dc signal in the presence of 500-mV amplifier input-referred dc offset voltages. Future work could include the
addition of digital gain calibration and offset correction of residual offsets associated with charge injection imbalance in
the differential circuits.

Keywords: Organic thin-film field-effect (OTFT) amplifiers, large-area electronics, organic sensors, dc offset
cancellation, auto-zero circuits, differential amplifiers, analog circuits, switched-capacitor circuits

1. INTRODUCTION

Organic thin-film field-effect transistors (OTFT’s) have found application in recent years in low-cost, large-area
electronics. OTFT’s are flexible and can be fabricated at lower temperatures compared to other thin-film devices making
them attractive for large-area applications. Pentacene has been the most promising organic semiconductor material and
can be used for p-type semiconductor devices. Organic devices can also be used to fabricate sensors. These sensors have
the potential of being integrated with OTFT amplifier and signal processing circuits on the same flexible, low-cost
substrate.

Some reported sensors include chemical sensors', pH sensors?, gas sensors™ * °, humidity sensors®” ¢, bio sensors, and
strain sensors’. When the active organic layer is exposed to the environment, changes in bulk conductivity, or OTFT
field-induced conductivity or threshold voltage permit electrical readout. Another application of large-area organic
devices is solar sails for potential space applications. These devices utilize a large, thin membrane to gain momentum
from impinging photons of light from the sun to provide propulsion. Monitoring sensors can be integrated on the surface
of the sail to monitor its temperature, strain, charge build up, radiation exposure, and other critical aspects of its health'®.

This paper is organized as follows. Section 2 describes analog amplification requirements for large area, organic strain-
gauge sensor applications considered here. Section 3 describes the technology and performance of OTFT’s considered in
amplifier circuits presented in this paper. Section 4 describes an OTFT differential amplifier building block having
deliberate low voltage gain and inherent output common-voltage control. This permits operation with OTFT’s having
large processing variations and large dc mismatches. Section 5 presents a cascaded, four-stage amplifier utilizing the
differential amplifier building block with switched capacitor output auto-zeroing. OTFT’s are utilized in the amplifiers
and switches. Simulations using OTFT models indicate the.composite amplifier can accurately amplify a 1-mV dc sensor
signal in the presence of 500-mV amplifier input-referred dc offsets. Finally, Section 6 provides a concluding summary
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and suggestions for future research. Future work includes possibilities of digital gain correction and correction of dc-
offset errors associated with unbalanced charge injection in the differential circuits.

2. ANALOG CIRCUIT REQUIREMENTS

While signal processing requirements change as sensors are refined and system level specifications evolve, the following
are target analog circuit requirements for the large area, strain-gauge sensor applications considered here.

Operating Input Signal Level: as low as 1 mV (dc)

DC Gain: 100 to 1000 V/V (sufficient to amplify the sensor signal for subsequent processing)

DC Input-Referred Offset: << 1 mV (including OTFT offsets of 500 mV)

Bandwidth: < 1 kHz (the physical measurement is sufficiently slow to permit OTFT’s)

Controllability: <1% variation in gain over the operating environment (this anticipates system-level digital
calibration)

3. ORGANIC THIN-FILM FIELD-EFFECT TRANSISTORS FOR ANALOG APPLICATIONS

3.1 Fabrication

OTFT’s are three terminal devices consisting of a source, drain, and gate contact. An organic semiconductor material
extends between the source and drain providing a semiconductor channel. A gate, separated by an insulator, extends
above or below the organic semiconductor to set up a vertical electric field between the gate and the semiconductor
channel. Here, bottom gate pentacene p-type OTFT’s are considered with the construction shown in Fig. 1.
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Fig. 1. Cross-sectional diagram of bottom gate OTFT"",

The p-type pentacene OTFT’s considered here have the same characteristics as those fabricated by Kane et al'’. The
substrate material was a 75-pm thick transparent, flexible polyethylene naphthalate (PEN) film mounted on a removable
glass support. The gate dielectric was SiO, with thickness of 190 nm. Nickel gate and palladium source-drain
metallization was used. The gate dielectric surface was vapor-treated with octyldecyltrichlorosilane and then followed by
thermal evaporation of the pentacene chammel at a substrate temperature of about 60°C. The maximum processing
temperature was 110°C following a-two-hour heat treatment at 150°C to improve thermal dimensional stability. Further
details of the pentacene OTFT process can be found elsewhere'>




3.2 Operation

OTFT devices operate in a similar manner to metal oxide semiconductor field-effect transistors (MOSFET’s) where
current flows between the drain and source under field-effect control established by the gate electrode. In a MOSFET,
however, electrons (n-type MOSFET’s) or holes (p-type MOSFET’s) are drawn into the channel from the substrate to
supply a source of mobile charge carriers. In OTFTs, charge is accumulated in the doped organic semiconductor channel
under gate electrode control™.

OTFT drain current' can be expressed like MOSFET strong-inversion drain current in saturation (Vpg > Vpgar) as
1 ’ w 2 A
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where g is the channel carrier mobility, C oy is the gate-oxide capacitance per unit area, A is a parameter describing the
increase of drain current with drain voltage, W is the channel width, and L is the channel length.

3.3 Analog design considerations

Equation (1), identical in form to MOSFET strong-inversion drain current in saturation, suggests OTFT’s may be readily
used for analog and digital circuit design. However, the mob111ty of OTFT’s is almost 1,000 times smaller than
MOSFET’s". p-type pentacene OTFT’s have reported mobilities® around 1cm?/Vs, but operating mobilities, especially
at lower supply voltages, are typically below this level. n-type OTFT’s using channel materials such as crystalline
sexithiophene have mobilities that are even an order-of-magnitude lower. The low mobility of OTFT’s results in low
small-signal transconductance, g,, = oIp/dV s, giving low gain and bandwidth compared to MOSFET’s. p-type OTFT’s
are typically used for active circuit elements because of their higher mobilities compared to n-type devices. n-type
devices, however, might be usable as active loads where high small-signal load resistance associated with low
transconductance could provide higher voltage gain.

In digital circuits, the low mobility of OTFT’s give circuit speeds well below those for MOSFET circuits. A ﬁve-stage
ring oscillator' has been reported running at 1.7 kHz at a supply voltage of 20 V. A seven-stage ring oscillator'® has also
been reported running at 106 kHz at a supply voltage of 80 V. Here, the OTFT devices utilize a top gate, a p-type soluble
polymer (regio-regular poly, 3-alkylthiophen) semiconductor layer, and a soluble polymer gate insulator. Reported
digital circuit speeds suggest analog circuit bandwidths in the 1 — 100 kHz range, as obtained in the differential
amplifiers described later in this paper.

Mismatch in devices, long considered important in analog MOSFET design, results in dc errors between identically laid
out devices. This causes input-referred dc offsets in the range of 2 — 10 mV for typical analog MOSFET circuits with the
actual offset depending upon the process and size of the device used. Larger area devices, where local processing
variations are averaged out, result 111 lower mismatch'’. Mismatch, however, in OTFT’s devices can be substantially
higher than that of MOSFET devices'® approaching levels as high as 500 mV. As described later, analog circuits must
operate without signal saturation caused by large device mismatches. Additionally, auto-zeroing or other techniques are
required to manage the high levels of input-referred dc offset.

OTFT devices require substantially higher supply voltages compared to modern MOSFET circuits. p-type pentacene
OTFT’s use gate and drain voltages of 10 to 20 V or higher as illustrated in reported device dc characteristic curves'
1619 The higher supply voltages, while clearly a disadvantage for miniature integrated systems, is less a disadvantage for
large-area organic sensor and electronic systems.

Finally, while mobility, transconductance, bandwidth, dc mismatch, and operating voltages are much less favorable for
OTFT devices compared to MOSFET’s, OTFT’s, like MOSFET’s, have high on-off resistance ratios when used as
switches in the deep linear, triode, or ohmic region (Vps << Vpgsr). On-off ratios of pentacene channels have been
reported near 10° when deposited on octyldecyltrichlorosilane treated silicon'> These OTFT’s have a threshold voltage
near 0 V and a sub-threshold swing less than 2 V/decade. The four-stage, auto-zeroed differential amplifier described
later utilizes pentacene OTFT’s as switches.




4. DIFFERENTIAL AMPLIFIER GAIN BLOCK

4.1 Device modeling

The four-stage, auto-zeroed differential amplifier described here was designed for the pentacene OTFT devices reported
by Kane et al.'? and described in Section 3.1. An AIM SPICE model®® was developed to model these devices. The
devices are depletion mode, p-type pentacene OTFT’s having threshold voltages of +7 V and field-effect mobilities of
approximately 0.6 cm’ /Vs, Fig. 2 shows simulated curves for a W= 25 um, L = 20 um device, which closely match the
measured device curves for the same size device'?.
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Fig. 2. Simulated device curves for a p-type pentacene OTFT having W =25 pum and L = 20 um. These device curves closely match
measured data'?.

4.2 Amplifier design

A differential amplifier using the p-type pentacene OTFT’s considered here was reported by Kane et al.” This amplifier
used a differential pair with active OTFT current-source loads to achieve a measured voltage gain of 8.5V/V at supply
voltages of +10 V and 20 V. Additionally, a five-stage ring oscillator was reported having operating frequencies of 1.1
and 1.7 kHz.
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In the differential amplifier gain block described here, we chose to use low-impedance active loads consisting of
connections to the sources of grounded-gate OTFT devices. This ensures output common-mode voltage control since
these loads operate at predictable gate-source voltages. Voltage gain is reduced to approximately 4 V/V, but is less
sensitive to process variations as described later. Additionally, the lower voltage gain helps ensure the amplifier stage
will not saturate on its own input-referred offset voltage, which is expected to approach 500 mV for OTFT devices. Four
low gain stages are used to achieve a composite gain of approximately 260 V/V.

Fig. 3 shows a schematic diagram of the OTFT differential amplifier gain block. Devices M1 and M2 comprise a
differential pair connected to grounded-gate, source-connected active loads, M3 and M4. M5 operates as a current source
providing bias current to the differential pair. Supply voltages of +10 V and —35 V are used along with a bias voltage of
—20 V for the grounded-gate, source-connected active loads. Input common-mode voltage is at ground (0 V), and the




output common-mode voltage is approximately —14.6 V. The odtput common-mode voltage will be level shifted back to
ground through output auto-zeroing described later. Supply current for the amplifier is 0.37 uA for a total power
consumption of 16.7 uW.

Fig. 3. Schematic diagram of OTFT differential amplifier gain block with dc bias voltages and currents.

Table 1 lists the sizing, # and L, drain current, I, effective gate-source voltage, Vgrr = Vgs— V7, drain-source saturation
voltage, Vpsur, transconductance, g, and output conductance, gy, for the OTFT’s in the differential amplifier. Active
loads M3 and M4 are sized for g, four times smaller than that of the differential pair devices, M1 and M2. This is
required to obtain a voltage gain of four. Vzrr, Vpsar, &n, and g, were obtained from AIM SPICE simulations. Simulated
Verr and g, values are within 20% of square-law, hand calculated values.

Table 1. Sizing, bias current, effective gate-source voltage, drain-source saturation voltage, transconductance, and output conductance
for OTFT’s used in the differential amplifier.

Device | W (um) |Lum) [Ip(pA) [Ves—Vr (V) [Vosar (V) | gw(pS) Z4s (US)
Mi1M2 | 100 20 0.186 -2.303 -2.553 0.133 0.0006
M3M4 | 20 100 0.186 -12.421 -12.463 0.027 0.002
M5 25 20 0.372 -7 -7.08 0.100 0.003

Small-signal voltage gain for the differential amplifier is given by

- Zot _ 0.133 S
 ga+ a1 +8as  0.027 uS+0.0006 puS +0.002 pS

=449 VIV @

where g, is the transconductance of the differential pair devices, M/ and M2, and g,,; is the transconductance of active
load devices, M3 and M4. g4; and g4; are the output conductances of the differential pair and active load devices
respectively. The small-signal voltage gain is predicted at 4.49 V/V and is dominated by the ratio of differential pair and
load device transconductances. While the differential amplifier has relatively low voltage gain, a significant amount of




process variation compensation is expected since its gain is- controlled by the ratio of differential pair and load device
transconductances for similar (p-type) devices in the same process. Additionally, the gain is largely independent of
device output conductances that vary widely with processing and temperature. As mentioned, low voltage gain has also
been selected to ensure reliable output common-mode voltage levels and ensure high input-referred OTFT offset
voltages will not saturate the amplifier.

Fig. 4 shows simulated signal voltages for the differential amplifier for a differential input swept from -5 to 5V ata
common-mode input voltage level of ground. All devices are reliably in saturation, operating at drain source voltages
above their drain-source saturation voltages (Vps > Vpssr). As mentioned, the operating gate-source voltages of load
devices, M3 and M4, reliably establish the output common-mode voltage. This eliminates the need for complex
common-mode feedback circuitry commonly used in high-gain, differential analog MOSFET circuits.
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Fig. 4. Simulated signal voltages for the OTFT differential amplifier for a differential input of -5 to 5V at a common-mode input
voltage of ground (0 V).

Fig. 5 shows the differential output voltage for a differential input swept again from —5 to 5V at a common-mode
voltage level of ground. The amplifier has well behaved large signal characteristics and good linearity for inputs between
—1 and 1V. The simulated dc gain is 4.45 V/V, which closely matches the small-signal gain of 4.49 V/V predicted
carlier.

Fig. 6 shows the simulated frequency response for the OTFT differential amplifier loaded by 0.5-pF capacitors to
emulate the capacitive loading of subsequent stages. Low-frequency voltage gain is 4.41 V/V, which closely matches the
dc gain value (Fig. 5) of 4.45 V/V and small-signal gain calculation (Equation 2) of 4.49 V/V. The -3dB frequency is
6.5 kHz, which is more than sufficient to support measurement of dc signals from organic sensors.
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Fig. 6. Simulated frequency response for the OTFT differential amplifier.




5. FOUR-STAGE, AUTO-ZEROED DIFFERENTIAL AMPLIFIER

5.1 Single stage operation

OTFT differential amplifier input-referred dc offset is expected to approach 500 mV because of the large mismatch in
OTFT devices. This offset will have to be effectively cancelled in order to amplify a sensor signal as small as 1 mV. In
the design described here, we utilize output-offset cancellation that, in principal, permits complete cancellation of circuit

offsets. This and other offset-cancellation methods used in MOSFET circuits are described in various books and papers®”
22

Fig. 7 shows a schematic diagram of output-offset cancellation applied to the OTFT differential amplifier. The circuit
consists of the OTFT differential amplifier, six switches implemented using OTFT’s, and two output-offset storage
capacitors, which can be fabricated with the OTFT devices. The OTFT differential amplifier shows a 500-mV input
referred offset voltage that is included in circuit simulations to verify its cancellation.
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Fig. 7. Schematic diagram of output offset cancellation applied to the OTFT differential amplifier.

During the auto-zero phase, phase 1, the input signal is disconnected from the amplifier input by open series input
switches while the amplifier input is grounded by closed input switches to ground. Series amplifier output capacitors, C1
and C2, are grounded at the main output signal by closed output switches to ground. During the auto-zero phase, the
amplifier input-referred offset voltage is amplified by the amplifier and stored on the output capacitors along with the
amplifier output common-mode voltage. For a 500-mV dc offset and a gain of 4 V/V, this corresponds to a differential
output voltage of 2 V, well within the operating range of the amplifier as required.

During the signal phase, phase 2, the input signal is connected to the amplifier input by closed series input switches
while the amplifier input is disconnected from ground by open input switches to ground. The main output signal on the
right side of the output capacitors is released from ground by open output switches to ground. The amplifier now
amplifies the desired input signal plus the undesired dc offset and presents this at its output on the left of the output
capacitors. Since these capacitors were charged in the auto-zero phase to amplifier output voltages inclusive of the
amplified offset voltage and the amplifier output common-mode voltage, both the amplifier offset and output common-
mode voltage are removed in the final output signals. Unlike input-offset cancellation schemes, the offset is completely
removed, in principal, using output-offset cancellation. Additionally, the output common-mode voltage is restored to




ground, which permits the auto-zeroed differential amplifier to directly drive a subsequent stage. Some output offset
error, however, will exist because of unbalanced charge injection into the OTFT switches. If these switches are equal,
charge injection on the positive side of the signal path will equal that on the negative side of the signal path and be
cancelled when observing the differential output. Potential use of digital error correction for amplifier gain variations and
removal of offset associated with non-ideal offset cancellation will be discussed later in the conclusions.

Fig. 8 shows the simulated differential output signal of the auto-zeroed OTFT differential amplifier for a 1-mV input
signal in the presence of 500-mV input-referred dc offset. During the auto-zero phase, the output voltage is at 0 mV.

During the signal phase, the output voltage is nearly 4 mV, four times the 1-mV input signal since the nominal
differential amplifier voltage gain is four. The 1-mV input signal is clearly separated from the S00-mV input-referred

offset voltage.
First stage output signal =
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Fig. 8. Simulated differential output signal of auto-zeroed, differential OTFT amplifier for a 1-mV input signal in the presence of
500-mV input-referred dc offset.

5.2 Four stage operation

Four auto-zeroed, OTFT differential amplifier stages were cascaded to obtain a nominal voltage gain of 256 (4*) V/V
from nominal individual stage gains of 4 V/V. Each stage is simultaneously auto-zeroed (phase 1) and then placed into
the signal mode (phase 2). As mentioned, output offset cancellation also level shifts the output common-mode voltage
levels back to ground, which permits direct cascading of the auto-zeroed stages.

Fig. 9 shows the simmlated differential output signals at each stage for a 1-mV input signal at the first stage. Individual
stage input-referred offsets of 500 mV are included. During the auto-zero phase, the output voltages are at 0 mV. During
the signal phase, the output voltages are 3.96, 16.57, 65.6, and 280 mV for stages 1 through 4 respectively. These levels
follow the expected nominal stage gains of 4 V/V. As in the first stage illustrated in Fig. 8, the 1-mV input signal is
accurately amplified in the presence of input-referred offsets a factor-of-five-hundred higher at 500 mV. The output
signals also indicate that the —3-dB differential amplifier bandwidths of 6.5 kHz are sufficient for 500 us auto-zero and




signal phases. Output signal overshoots are due to charge injection in the OTFT switches. These transients are
completely removed during the signal phase. The final output dc level can be captured and stored on external output
capacitors using OTFT switches.
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Fig. 9. Simulated differential output signals of four-stage, auto-zeroed, differential OTFT amplifier for a 1-mV input signal in the
presence of 500-mV input-referred dc offsets at each stage.

5.3 Auto-zero clock and switches

Auto-zero (phase 1) and signal (phase 2) control is provided by two nonoverlapping digital clock signals operating
between —35 and +15 V. A clock level above the positive supply voltage of +10 V ensures the p-type pentacene OTFT
switches are off with minimal leakage. Clock rise and fall times of 0.5 ps are used with a clock frequency of 1 kHz. This
is consistent with ring-oscillator performance'” reported for the pentacene devices considered here and for other reported
OTFT circuits™.

The auto-zero OTFT switch devices are considerably smaller at W= 5 um and L = 2 pm compared to devices used in the
differential amplifier. As typical for MOSFET circuits, gate areas for these devices are minimized to minimize charge
injection resulting from clock signals appearing at their gates. Since OTFT’s have been reported with channel lengths'®
as small as 0.75 pm, it is believed the switch devices can be practically fabricated.

6. CONCLUSIONS

In this paper, we presented a pentacene OTFT differential amplifier building block designed for relatively low gain,
4 V/V, in exchange for well defined common-mode output voltage levels and minimal gain variations over OTFT
processing. The voltage gain is controlled primarily by the ratio of differential pair and active load device




transconductances. Amplifier simulations were based on an AIM SPICE” device model that yielded simulated curves
that closely matched those reported™.

Since OTFT input-referred circuit offsets can approach 500 mV due to device mismatches, output auto-zeroing was
utilized using OTFT switches. A 1-mV input signal level was considered for organic strain gauge and other sensor
applications that require precision dc amplification. Simulations of both a single-stage and cascaded four-stage auto-
zeroed amplifier show amplification of a 1-mV input signal with removal of 500-mV input-referred dc offsets. Output
stage voltages correspond to nominal voltage gains of 4 V/V, with a final output signal of 260 mV corresponding to a
composite voltage gain of 260 V/V. 1-kHz non-overlapping, auto-zero digital clock signals were used having rise and
fall times of 0.5 ps and an overlap time of 1 ps. This frequency and rise and fall times are consistent with those available
from pentacene OTFT digital ring oscillators.

While in principat” output offset cancellation gives complete offset voltage cancellation in fully differential circuits,
charge injection resulting from mismatches in OTFT switches will result in residual dc offset errors. Additionally,
differential amplifier voltage gains will vary with temperature, although considerable temperature compensation is
expected since the gain is controlled by the ratio of device transconductances. System-level digital calibration should be
considered where reference signals are applied to the four-stage, auto-zeroed OTFT differential amplifier. These can be
used to measure the residual circuit dc offset and voltage gain. Both dc offset and gain errors can then be corrected
digitally at the system level. Additional research could also include utilizing amorphous silicon devices in multi-stage,
auto-zeroed, differential amplifier circuits.
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