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ABSTRACT This paper presents an integrated operational amplifier (OPAMP) consisting of only n-type
metal oxide thin-film transistors. In addition to using positive feedback in the input differential pair,
a transconductance-enhancement topology is applied to improve the gain of the OPAMP. The OPAMP
has a voltage gain (Av) of 29.54 dB over a 3-dB bandwidth of 9.33 kHz at a supply voltage of 15 V. The
unity-gain frequency, phase margin (PM), and dc power consumption (PDC) are 180.2 kHz, 21.5◦ PM
and 5.07 mW, respectively.

INDEX TERMS Operational amplifier, transconductance-enhancement topology, positive feedback, metal
oxide thin-film transistors (TFTs).

I. INTRODUCTION
Metal oxide thin-film-transistors (TFTs) are believed to be
a promising technology in main large area electronics tech-
nologies due to the advantages of higher mobility compared
with a-Si:H TFTs, good uniformity and low-temperature fab-
rication compared with LTPS TFTs [1]–[3]. In recent years,
there has been increasing interest in applying oxide-based
TFTs to integrated circuits (ICs), such as display drivers,
converters or RFID/NFC tags [4]–[6]. In addition, they also
have a potential interesting application in the bio-potential
monitoring system [7], [8]. Among them, the operational
amplifier is the most important module used to amplify sig-
nals in analog circuits. However, there are various design
challenges for metal oxide TFTs realizing operational ampli-
fiers, as only N-type TFTs are available for integration.
First, the transconductance of metal oxide TFTs is not high
enough because the electrical mobility of metal oxides is
much lower than that of crystalline silicon [9]. Second, it

is difficult to obtain high output impedance in amplifier
design due to the lack of a p-type TFT. Some operational
amplifiers based on metal oxide TFTs have been reported
in recent years [1], [10], [12]. In [1] and [10], positive feed-
back and pseudo-CMOS technology were presented to boost
the output impedance of an operational amplifier. Two-stage
Cherry-Hooper topology has also been used to increase
the voltage gain and gain-bandwidth product (GBWP) of
amplifiers based on metal oxide TFTs [11]. In addition, com-
pensating for the threshold voltage shift of n-type TFTs can
increase the phase margin to improve stability [12]. In fact,
the gain of an amplifier can also be increased if the equivalent
transconductance of the amplifier is improved.
This paper proposes a new differential amplifier with

high gain integrated by metal oxide thin-film-transistors.
A transconductance-enhancement topology is used to boost
the equivalent transconductance of the amplifier. And, posi-
tive feedback is applied to obtain a high output impedance.
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FIGURE 1. Structure of metal oxide TFT.

FIGURE 2. Transfer characteristics of the TFT with W/L = 30 µm/10 µm.

II. PROCESS TECHNOLOGY
Fig. 1 shows the etch-stop layer (ESL) structure of the
IZO TFTs integrated into the proposed operational amplifier.
The fabrication process is described as follows. A 200-nm
molybdenum (Mo) layer is deposited onto a glass sub-
strate as the gate electrode via DC sputtering and patterned
via wet etching. Then, 250-nm SiO2 and 50-nm SiNx are
successively deposited by plasma-enhanced chemical vapor
deposition (PECVD) as stacked insulator layers and pat-
terned by dry etching. A 20-nm IZO active layer is deposited
on the insulator by RF magnetron sputtering. Afterwards
that, a 200-nm SiO2 is deposited by PECVD at 230 ◦C as
the etch-stop layer. Subsequently, 200-nm Mo is sputtered
as the source and drain electrodes. Finally, a 200-nm thick
SiOx layer is deposited by PECVD at 350 ◦C to protect the
device.
Fig. 2 shows the measured transfer characteristics of the

TFTs with W/L = 30 um/10 um at Vds = 0.1 V and 10 V.
The threshold voltage, the field-effect mobility and the sub-
threshold swing are extracted as 1.0 V, 33 cm2/ (V s) and
0.11 V/dec, respectively.

III. CIRCUIT DESIGN
Two major effect factors of the operational ampli-
fier (OPAMP) voltage gain are the input transconductance
(Gm) and its effective load resistance (RL). The small-signal
equivalent voltage gain can be given by

Av = −Gm × RL (1)

Therefore, it is necessary to increase Gm and RL to boost
the OPAMP small-signal voltage gain. In the absence of
p-type TFTs, positive feedback circuits are normally used to
increase Gm and RL in an amplifier integrated with n-type
TFTs [1], [13].

A. POSITIVE FEEDBACK
Fig. 3 (a) shows a common-source amplifier topology with
positive feedback, which has already been implemented in
IGZO technology [12], [14]. And it is made up of a single-
ended common-source TFT (T1), a load TFT (T2) and
a feedback amplifier (Af). The voltage gain of this circuit
can be expressed as

Av = ∂Vout
∂Vin

= −gm1

[
1

gm2(1 − Af )
||r01||r02

]
(2)

where Af is a positive feedback factor, which can be achieved
by cascading two common-source amplifiers as shown in
Fig. 3. (b). This can be expressed as

Af = ∂VF
∂Vo

= gm1gm3

(gm2||r02)(gm4||r04)
≈ gm1gm3

gm2gm4
(3)

It is assumed that all the TFTs in Fig. 3 (b) operate in the
saturation region and their DC currents are same, meaning
that the feedback amplifier gain can also be given by

Af ≈ gm1gm3

gm2gm4
=

√
(W/L)1

√
(W/L)3√

(W/L)2
√

(W/L)4
(4)

Consequently, the voltage gain of a common-source ampli-
fier with positive feedback can be controlled by the ratio
of the channel width to channel length. In fact, this circuit
mainly increases the amplifier voltage gain by increasing
its effective load resistance (RL). As the feedback circuit
has a gain of unity, the effective load resistance is approxi-
mately equal to r02. Therefore, the voltage gain is boosted to
a value of gm1 (r01‖r02), which can be extracted by (2) and
is close to the intrinsic gain of NTFTs. Therefore, n-type
TFT amplifier gain enhancement can be achieved by varying
the feedback circuit gain from zero to one (0< Af <1). For
a common-source amplifier with a feedback gain larger than
unity, a shunt negative resistance is equivalently provided
by the load, making it possible to further boost the voltage
gain at the cost of circuit stability. In this positive feedback
technique, a feedback circuit gain slightly smaller than unity
is adopted as the design goal to ensure circuit stability, even
in the presence of process variations [1].

B. TRANSCONDUCTANCE-ENHANCEMENT TOPOLOGY
In fact, feedback circuits can not only improve the stability
and load configuration of an operational amplifier, but also
be used to change the transconductance of the amplifier.
In some applications, a resistor is placed in series with the
source terminal of the transistors to attenuate the square-law
dependence of the drain current on the overdrive voltage, as
depicted in Fig. 4. (a). Here, the drain current (iout) and the
voltage drop across Rs increase with increasing vin. That is,
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FIGURE 3. (a) Common-source amplifier topology with positive feedback,
(b) A feedback amplifier (Af), where VF is the feedback voltage.

FIGURE 4. Optimized input transconductance topology for operational
amplifiers (a) driving TFT with source degeneration (negative feedback).
(b) Driving TFT with source improvement (positive feedback). (c) Driving
TFT with a diode-connected device in source. (d) Transconductance
enhancement realized in the different form.

a fraction of vin appears across the resistor, thus leading to
a decrease in the transconductance. Similarly, the transcon-
ductance of the amplifier is increased by placing a “negative”
resistor in series with source terminal, as shown in Fig. 4 (b).
Essentially, a positive feedback system is added to the driv-
ing TFT to enhance the transconductance of this circuit. The
equivalent transconductance can be expressed as

Gm = gm
1 − gmRs

(5)

where gmRs is less than 1.
A resistor with a precise value and a reasonable physi-

cal size is difficult to be fabricated by the TFTs process.
Consequently, it is desirable to replace Rs with a “diode-
connected” TFT, as shown in Fig. 4. (c). A “negative” resistor

can be easily realized by a differential form, as shown in
Fig. 4. (d). Based on small signal analysis, the drain cur-
rent (iout) increases, but vx decreases with an increase in
the amplitude of vin. Therefore, the gate-source overdrive
voltage of T1 and the equivalent transconductance increase.
Neglecting the channel-length modulation for simplicity, the
equivalent transconductance of this circuit is given by

Gm = gm1

1 − gm1
gm2

(6)

where gm1 and gm2 are the transconductances of transistors
T1 and T2, respectively. Due to the symmetric structure, both
sides of this circuit carry equal DC currents and Gm val-
ues. The ratio of gm1 to gm2 can be determined accurately
since this value is the square root of the ratio of (W/L)1
to (W/L)2. In addition, this transconductance-enhancement
topology increases transconductance of the amplifier by
introducing positive feedback in the case of differential mode
input. However, this topology is a common-source stage with
source degeneration in the case of common mode input. It
means that this topology can also improve linearity of the
OPAMP and reduce dc current.
Fig. 5 shows two different transconductance-enhancement

topologies of the differential amplifier with diode-connected
load. In fig. 5 (a), two double gate devices are connected as
a source couple differential pair to create a positive feedback
for increasing the gain [7]. And this amplifier topology has
a similar gain equation to fig. 5 (b). However, there are two
aspects to consider about this double-gate based topology.
On the one hand, it is hard to select the bias point for the
device working at the saturation region because the top gate
of the device is connected to the output. On the other hand,
the linearity of the OPAMP is reduced due to the positive
feedback introduced in the topology.

FIGURE 5. Schematic of two differential amplifiers with diode-connected
load. (a) Double gate TFTs based transconductance enhancement topology
of [7]. (b) Transconductance-enhancement topology of this work.

C. PROPOSED OPAMP
Fig. 6 presents the schematic of the proposed OPAMP with
the dimensions of each transistor, which consists of only
n-type TFTs. This circuit can be divided into two stages.
The first stage includes a differential input circuit (T1-T5)
with a transconductance-enhancement topology (T6, T7) and
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FIGURE 6. Schematic of the proposed high gain amplifier with positive
feedback.

a positive feedback circuit (T8-T12) for obtaining the effec-
tive load resistance. All the TFTs of this OPAMP work in
the saturation region by adjusting the bias voltage VB1,2.
In the second stage, a differential-to-single-ended converter
composed of T13-T16 is utilized as the output buffer [15].
To maintain a constant gain, the differential-to-single-ended
converter requires a stable tail current source, which can be
achieved by a current mirror circuit. The calculated gains of
each stage are given by

A1st = gm1

1 − gm1
gm6

(
1

gm3(1 − Af )
‖r03‖r01

)
(7)

A2nd = gm16

(
1

gm16
‖r016‖r014

)
(8)

where

Af = gm8

(
1

gm10
‖r08‖r010

)
≈ gm8

gm10
(9)

consequently, the overall voltage gain of this proposed
operational amplifier can be given by

Av = gm1

1 gm1
gm6

(
1

gm3(1 − Af )
‖r03‖r01

)
gm16

(
1

gm16
‖r016‖r014

)

(10)

when Af is close to one, Av can be reduced to

Av ≈ gm1

1 − gm1
gm6

(r03‖r01) (11)

where gm1 and gm6 are the transconductances of the tran-
sistors of T1 and T6, respectively, and r01 and r03 are the
output resistances of T1 and T3, respectively. The overall
voltage gain is mainly determined by the first stage, where
the gain can be improved by increasing the ratio of gm1 to
gm6, or by adjusting the bias voltage (VB2) to increase r01
and r03.

FIGURE 7. Simulated frequency response of the proposed OPAMP.

Note that, two positive feedback loops in the proposed
OPAMP may increase the possibility of instability although
they are used to increase the gain. As a result, it is important
to keep the positive feedback gain (Af and gm1/gm6) suffi-
ciently smaller than one. The dominant poles are located at
the output node of the input stage. For achieving sufficient
phase margin, TFTs with large aspect ratios are employed
in the second stage to move the secondary poles toward
higher frequencies [1]. The design of the proposed OPAMP
is verified by the SMART-SPICE software, in which the
RPI poly-Si TFT model (level 36) is used to fit the char-
acteristic of metal oxide TFTs. Then, the size of each TFT
is carefully determined through the simulation results for
achieving high gain while ensuring the OPAMP stability.
And the dimensions of all TFTs are indicated in Fig. 6.
Fig. 7 shows the simulated frequency response of the

proposed OPAMP. The simulated voltage gain, bandwidth,
unity-gain frequency and phase margin are 31.43 dB,
9.12 kHz, 251.2 kHz and −82◦, respectively. Note that,
the transconductance-enhancement topology produces a zero
closer to the origin, which causes the rising of the phase and
the degradation of the stability. Therefore, it is important to
choose the appropriate aspect ratios of TFTs to balance the
impacts of zero and pole on the stability of the OPAMP.

IV. EXPERIMENTAL RESULTS
The proposed OPAMP was successfully implemented on
a glass substrate using metal oxide TFT manufacturing tech-
nology. Fig. 8 shows a microphotograph of the proposed
OPAMP, where the dimensions of the circuit and input-
output interfaces are denoted. In order to reduce the VTH
mismatch of the differential pair transistors (T1/T2 and
T8/T9), symmetry design and multiple fingers design were
used in the circuit layout. An oscilloscope (DSO-X 4014A),
a signal generator (NF WF1948) and a semiconductor param-
eter analyzer (Agilent B1500A) were used to measure this
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FIGURE 8. Microphotograph of the proposed operational amplifier.

FIGURE 9. Measured input and output waveforms of the proposed OPAMP
with 10 mVpp and1 kHz sinusoid differential input.

OPAMP under normal room temperature and daylight con-
ditions. The measurements of the circuit were carried out
with 15 V DC supply-voltage. Both VB1 and VB2 were pro-
vided with an external voltage source of which the value was
1.5 V. Fig. 9 shows the measured input and output waveforms
of the proposed OPAMP with a sinusoidal differential input
of 1 kHz, 10 mVpp (peak to peak) and 3.5 V dc bias. The
measured voltage gain and phase are 29.54 dB [Gm = 20 lg
(Vout/(Vi+-Vi−))] and zero degrees [ϕm = ϕVout − ϕVi+)],
respectively. As seen from Fig. 9, the output signal looks
noisy due to the noise in the input signal originating from
the ground wire.
Fig. 10 shows the measured frequency response of the

proposed OPAMP based on metal oxide TFTs. The volt-
age gain is 29.54 dB, and the unity-gain frequency is
180.2 kHz with 21.5◦ PM (phase margin). The measured
3 dB bandwidth (BW) is 9.33 kHz, and the gain-bandwidth-
product (GBWP) is calculated to be 279.9 kHz. Compared
with fig. 7, the gain and 3 dB bandwidth are close to the
simulated results, while the phase margin and unity-gain
frequency are significantly smaller for the measured results.
That is perhaps because the parasitic capacitance and VTH
variation cause the position of the zero and the secondary

FIGURE 10. Measured frequency response of the proposed OPAMP.

pole shifting. Especially, the effect of the zero closer to the
origin is not obviously detected in the measured frequency
response. It might be because the layout parasitic capacitance
existing next to T1 and T2 weakens the effect of zero.
In addition, amplifiers with feedback systems may suffer

from instability problems. According to Fig. 10, the gain
margin (Gm) and phase margin (ϕm) of this OPAMP are
−3.71 dB and 21.5 degrees, respectively. In Fig. 10, the
OPAMP was appears to be a stable system since the gain
crossover occurs before the phase crossover. However, it is
usually required that Gm ≤ −10 dB, or ϕm = 45◦∼60◦ in
industrial practice. The phase margin can be increased by
using frequency compensation to avoid the existence of mir-
ror poles in a differential-to-single circuit, or compensating
VTH variations in the TFTs [12].
TABLE 1 summarizes the OPAMP performances and

provides a comparison with other metal oxide TFT ampli-
fier designs reported in the literature. The voltage gain of
the proposed OPAMP is higher than those of all other
designs, except [7]. The OPAMP in [7] used fully differ-
ential operational amplifier structure of which the gain is
generally bigger than the differential operational amplifier
with differential-to-single-ended converter. Compared with
other designs, the proposed OPAMP only uses one stage
to achieve high gain, in which the second stage is just
a differential-to-single-ended converter without the function
of increasing the gain. In addition, the GBWP and unit-gain
frequency seem relatively high. Without the influence of the
mirror pole and positive feedback, the GBWP of the OPAMP
with a smaller power supply in [16] is about 5 times that
of this work. Of courses, the self-aligned process technol-
ogy may also help to improve GBWP [17]. As result, the
transconductance-enhancement topology connecting a “neg-
ative” resistor to the source terminal of the driving TFT
can increase the voltage gain of the operational amplifiers.
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TABLE 1. Comparison of differential amplifier in metal oxide TFT.

However, this circuit does not provide a sufficient phase mar-
gin compared with those in previous works because of the
mirror pole of differential-to-single-ended converter and the
zero of transconductance-enhancement topology. Note that,
the threshold voltage compensation technique can also be
used to increase the phase margin of the OPAMP, which has
been reported in [12].

V. CONCLUSION
This work presents the design and characterization of a new
operational amplifier integrated by metal oxide TFTs. The
proposed OPAMP consists of a differential input stage
and a differential-to-single ended stage. Two strategies
were applied to improve the gain: positive feedback and
a transconductance-enhancement topology. The measured
voltage gain of the OPAMP is as much as 29.54 dB compared
with that of other amplifiers integrated by metal oxide TFTs.
The measured bandwidth, unity-gain frequency, and DC
power consumption are 9.33 kHz, 180.2 kHz and 5.07 mW,
respectively. As a result, this proposed OPAMP with high
gain and sufficient bandwidth may be used to amply sensing
signals, such as bio-potential signals or optical signals.
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