ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Solid-State Electronics 52 (2008) 649-656

SOLID-STATE
ELECTRONICS

www.elsevier.com/locate/sse

Variation and mismatch effects of the low-temperature poly-S1 TFTs
on the circuit for the X-ray active matrix sensor

Ya-Hsiang Tai®*, Shih-Che Huang®, Ko-Ching Su®, Chen-Yeh Tseng?

& Department of Photonics and Display Institute, National Chiao Tung University, Hsinchu 30010, Taiwan, ROC
® Department of Photonics and Institute of Electro-Optical Engineering, National Chiao Tung University, Hsinchu 30010, Taiwan, ROC

Received 22 February 2007; received in revised form 25 November 2007; accepted 1 December 2007
Available online 29 January 2008

The review of this paper was arranged by Prof. S. Cristoloveanu

Abstract

The application of the capability of low-temperature poly-Si TFT circuits for high resolution X-ray active matrix sensor is explored.
The integration of poly-Si TFT circuits on the glass enables an easy connection for the sensor array with fine pixel pitch. A novel charge
sensitive amplifier circuit employing poly-Si TFTs is proposed for the readout system of the active matrix sensor. It can considerably
increase the circuit’s immunity to the unavoidable threshold voltage variations of the poly-Si TFTs. The Vty mismatch effect of the
TFTs, which results in the offset voltage of the charge amplifier, can also be suppressed by the proposed circuit. However, the noise arisen
from the Pty mismatch can be even larger than that from the V1 variation after compensation. It reflects that, for higher bit digital X-
ray image sensors, the mismatch effect of the devices must be properly taken into consideration.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Active matrix sensor (AMS) technology is becoming
attractive in a range of different applications, such as digi-
tal cameras and X-ray imaging systems [I-5]. In AMS
applications, a system is required to read out the informa-
tion sensed at each pixel location. This paper focuses on the
readout circuitry of large area X-ray sensors used in diag-
nostic medical imaging such as radiography and mammog-
raphy (static medical imaging) and fluoroscopy (dynamic
imaging). The new AMS technology has the potential to
fully replace film based analog technology and to make
the system instantly available for use and diagnostic by
radiologist.
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In these applications, the active matrix is based on a two-
dimensional array of amorphous silicon (a-Si) or polycrys-
talline silicon (poly-Si) pixels. The basic elements of each
pixel contain the X-ray detector and thin film transistors
(TFTs). Pixel signals are read out using analog circuitry.
Conventional designs use single crystal ICs externally con-
nected to the matrix sensor for reading the stored informa-
tion. These external connections are often the reason for
sensor malfunctions, such as loss of signal and increase of
noise. Furthermore, they increase the cost of the panel.

In order to improve the sensor resolution and integrate
system for reducing the whole system cost, integration of
some (if not all) of the readout circuitry on the glass itself
is desired. From the viewpoints of process integration, the
single crystal Si technique may not be integrated on the
same glass substrate with the active matrix sensors. On
the other hand, using the IC bonding on the outside corner
though may as well provide good electrical behaviors for
the readout circuits, this may build difficulties and reduce
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the reliability as the pixel size scaling down. In other words,
IC package may not support the need for finer pitch AMS
and larger area applications.

The integration may hence only be possible in either a-Si
or low-temperature poly-Si technology, as single crystal Si
(c-Si) cannot be deposited onto glass. A-Si TFTs have very
low field mobility and requires larger driving voltages to
form integrated circuits. On the other hand, poly-Si TFTs
have superior properties compared to a-Si TFTs and are
therefore more suitable for this application. However,
poly-Si TFTs have poor uniformity and suffer from serious
variation due to the narrow laser process window in pro-
ducing large grain poly-Si thin film. The fluctuation of
pulse-to-pulse laser energy and non-uniform laser beam
profile makes it difficult for every laser shot to hit the super
lateral growth regime on the whole glass. This results in the
random grain boundary locations and traps exist in the
channel region [6]. This will lead to many problems in real
product applications such as output variation in analogue
circuit. Since the device-to-device uniformity is difficult to
control, it would be essential to develop circuits to compen-
sate the device variation. In addition, the circuit design has
to take into account the fact that adjacent transistors may
not be perfectly matched [7] and hence some schemes for
the cancellation of the mismatch effect should be applied.

Similar applications for poly-Si TFTs utilized for the
integrated circuits can also be found in the application of
the AMOLED (Active Matrix Organic Light-Emitting
Diodes) display driven by the poly-Si TFTs. Since the late
90s, various methods are proposed to compensate the effect
of device variation and increase the immunity to the device
variation in the pixel circuits. Main methods are the capac-
itance compensation method [8,9], match TFT driving
method [10], current mirror method [11], and current scal-
ing method [12]. Though the poly-Si TFTs can be used to
form both the circuits for display pixels and medical imag-
ing, these two systems have very different requirements for
the circuits. For the display pixels, it emphasizes the frame
time and color for the human brain perception, while in the
medical imaging system a very high precision and resolu-
tion for the sensed image is desired. In real applications
for X-ray sensor, in order to achieve the high resolution
of the sensed picture, the pitch for the pixels can be as
low as 30 um, which is much smaller than that in the dis-
play applications. The smaller pitch also brings designers
tougher task to devise the readout circuit to retrieve the
precise data. Therefore, though for both applications the
circuits could all be realized by the poly-Si devices, because
of their different attributes the effect of device mismatch on
the display and medical imaging system should be, respec-
tively, examined. In the open literature, the effect of poly-Si
device variation on the display system has been extensively
studied for the AMOLED applications [8-12], while there
are very few papers discussing the effect on the sensor sys-
tem. In order to examine the effect of device variation on
the medical imaging system and devise the corresponding
compensation circuits, a thorough study is desired.

In the X-ray readout system, a charge sensitive amplifier
(CSA) is required to enlarge the signal from the pixel array.
In this paper, a poly-Si TFT CSA circuit that can be used
for readout stored signals in active matrix X-ray sensors is
proposed. Firstly, in Section 2, the standard sensor system
architecture is described. The multiplexer circuit using
poly-Si TFTs is also introduced. In Section 3, conventional
CSA and the principle of storing and reading out the
charge information is explained. A new circuit design of
the operational amplifier in poly-Si TFT technology and
its operating principle are presented. Mismatch effect and
a method of offset cancellation are given in Section 4. Con-
clusions are provided in the final section.

2. System architecture

The AMS block diagram is shown in Fig. 1. The core
pixel array consists of photodiode active pixels, which are
accessed in the row-wise fashion using the scan driver.
The X-ray signal is transformed by the photodiode and
stored in the charge domain. All pixel charges in the row
are read out into column analog readout circuits in paral-
lel. Because of the high resolution and the fine pixel, the
multiplexer is used to reduce the connection number and
increase the pitch. The CSA provides a fixed value of gain
for the column charges being read in the voltage domain
using the column select logic. Each of the column-parallel
readout circuits performs correlated double sampling
(CDS) functions [13] to eliminate pixel offset variations
and pixel noise. The analog-to-digital converter (ADC)
generates the digital output according to the amplified sig-
nal for the subsequent processing and storage.

In this paper, the simulation is based on a p-i—n type
photodiode [14], whose cross-section view and simple
equivalent circuit in pixel are shown in Fig. 2a and b,
respectively. The detector consists of an a-Si:H p—i—n pho-
todiode and a stacked dielectric layer between the p-layer
and its electrode as the main charge storage element. The

Analog to Digital Converter

Correlated double sampling

Charge sensitive amplifier

Multiplexer

Photodiode pixel array

Scan Driver

Fig. 1. The block diagram of the active matrix sensor system.
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Fig. 2. (a) The cross-section view, and (b) the simple equivalent pixel
circuit of the p—i—n photodiode.

Cd in the equivalent circuit is the insulator capacitance
formed by the SiN, layer, while the diode and the current
source represent the p—i—n diode with the current generated
by light.

Connecting to the pixel array, a 4:1 multiplexer is used
to reduce the readout circuit required and enlarge their lay-
out pitch. This multiplexer is made of transistors MNI to
MN4 as the main switches to select the four inputs as
shown in Fig. 3. When high voltage signal is applied to
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Fig. 3. The 4:1 multiplexer with dummy TFTs for AMS.
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Differential Amp

Fig. 4. The schematic view of correlated double sampling (CDS).

the gate electrode of the n-type TFT, the switch will be
turned on and then the input signal is able to transmit
through. Besides, transistors MN5 to MNI2 are the
“dummy” switches for the charge injection cancellation
[15].

After the signals passing through the multiplexer, the
CSA provides a fixed transform for the column charges
to the voltage signal being read using the column select
logic. The detailed operation of CSA would be discussed
in Section 3. Output of CSA is fed to CDS, whose sche-
matic is shown in Fig. 4. The operation of CDS includes
two steps: At the first step, signal retaining information
about offset, thus the background noise and reset noise
are stored on the sampling capacitor Csl. At the second
step, the voltage which contains the pixel signals, as well
as the noise and offset components in the sampling steps,
is stored onto the other capacitance Cs2. The differential
amplifier subtracts these two sampled signal to eliminate
common noise components from the pixel information sig-
nal to get the pure pixel signal voltage and then delivers it
to ADC. Since the output signal is amplified and the pitch
is enlarged after CSA, CDS and ADC may use ICs exter-
nally connected, and can as well be integrated onto glass
substrate with poly-Si TFTs.

3. Charge sensitive amplifier

Referring to Fig. 5a and b, the conventional process of
reading the charge information from the detector capaci-
tance Cd to CSA voltage output is conducted in the follow-
ing way [14]:

In the initialization period, the charge previously stored
on capacitance Cd would be released beforehand. When
the switching TFT turns on, V. is set at low voltage V.
so that the photodiode is in forward bias and thus the pixel
voltage V. is discharged toward V7 till a voltage difference
across the photodiode reaches its threshold voltage.

After the initialization period, sensors in the whole
matrix are exposed to X-rays and the charges sensing the
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Fig. 5. (a) The conventional circuit, (b) the timing chart, and (c) the circuit
with path selection circuit of the readout operation of charge sensitive
amplifier in a sensor pixel.

X-ray image are stored on Cd in the pixel array. During
this period, V,r turns to high voltage V3 and thus the p—
i-n diode is reverse-biased for the pile-up of the sensed
charges from the photodiode and blocks the conduction
between pixels and the data bus. After exposure, all the
switching TFTs are turned off to isolate the pixel charge
from CSA and the charges are held in Cd. After the read-
out time Ty, the signal is to be read. In this work Ty is set
as 40 ms [14]. In the readout period, the switching TFTs are
turned on row-by-row to read out the charge information
from the matrix. In this work, a 4:1 multiplexer is adopted
to relieve the issue of routing space limit of the data bus.
Within each row-wise data readout, the multiplexer pro-
vides sequentially the clock 1, 2, 3 and 4, as shown in
Fig. 5b, which corresponds to the clock in Fig. 3. Before
each row-wise readout operation, the CSA is reset by turn-
ing on the reset TFT. Then, V., goes back to Vi and the
photodiodes are in forward bias again. Therefore, the
stored charges in a row are transferred from Cd onto the
CSA feedback capacitance Cy, resulting in the output volt-
age V.

For such a conventional CSA configuration to be
adapted in poly-Si TFT circuit, Vs would toggle between
Vy and V. The amplifier suffers from the high supply volt-
age, which leads to higher power consumption and worse
TFT device degradation. Therefore, a path selecting circuit
is inserted before the input of CSA as shown in the Fig. 5c.
It requires two additional switches and one voltage source
Vu to supply reverse-bias voltage of diode if required.
Thus, V.. can be fixed at V', and the supply voltage could
be reduced.

For the kind of p-i-n photodiode stacked with a SiN,.
dielectric capacitor layer with typical thickness of 60 nm,
dielectric constant of 6.59 and area of 100 pm x 100 um,
the corresponding detector capacitor Cy4 is about 10 pF.
The sensitivity of the X-ray sensor is assumed to be 1-
3 uCoul/cm*R. For a usual exposure dose of 100
600 mR/s and exposure time of 40-200 ms [14], the injec-
tion of charge signal would be several pico-coulombs.
The detector capacitance Cy and the feedback capacitance
Cy selected as 10 pF and 2 pF, respectively, which provides
a gain of —5. Though different exposure time durations
may lead to different charge signals in the pixel, the method
proposed in this paper would still be applicable.

As an example, for the sensed charge of 2pC stored on
Cd, the input signal V;, for the CSA will be 0.2 V. It corre-
sponds to the CSA output signal of —1V, which will be
added to the reference voltage V,.r of 7 V. Thus, the ideal
output voltage of CSA should be 6 V.

To study the effect of the poly-Si TFT device variation on
circuit uniformity, Monte Carlo simulation method is exe-
cuted. This method treats the device parameter distribution
as the Gaussian distribution and randomly picks a value for
each device in each simulation. Via this method, only the
mean value and the standard deviation value of the device
parameters are required to simulate the output fluctuation
due to the device variation. The detailed description to this
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Fig. 6. A folded-cascode operation amplifier used for CSA.

method can be found in Ref. [16]. According to the mea-
surement database, the threshold voltage Vry distributions
of the TFTs are with the mean values of 1.6 V for n-type
and —1.3 V for p-type and the deviation for both types is
1 V. The schematic of a folded-cascode operation amplifier
used for CSA is shown in Fig. 6 [17]. As can be seen, many
TFT pairs are used and represented by Man and Mbn. They
are assumed to be perfectly matched in this section. Thirty
times of Monte Carlo simulation results of the output wave-
form are shown in Fig. 7a. It can be observed that the out-
put waveforms exhibit severe variation after 40 ms, which is
the time for the signal to be retrieved from the circuit. The
diverse behaviors can be attributed to the Vry variation of
the TFTs. Therefore, the drain currents of the TFTs can be
very different, and the output voltage of CSA would largely
deviate from the ideal output voltage 6 V.

In order to diminish the effects of the device variation,
the circuit shown in Fig. 8a is proposed in this work to
replace the fixed bias voltage for the n-type TFT. A
diode-connected TFT, a capacitor Cvt and two switches
S1 and S2 are used. The TFT is also assumed to match
the corresponding TFT to be biased. The operation con-
sists of two periods. In the first period, only S1 turns on
and S2 is open so that a high voltage VDD is stored in
Cvt. In the second period, S1 is open and S2 turns on to
discharge the stored voltage to (Vpjast + V1H), which
makes the new bias voltage V., compensate the Vry var-
iation. Similarly, the bias voltage on the p-type TFTs can
be compensated by the circuit shown in Fig. 8b. Another
30 times of Monte Carlo simulation with the same Vg dis-
tribution and simulation setup for the output voltage of the
new CSA with compensation circuit is shown in Fig. 7b. It
can be seen that for the output voltage the immunity to the
device variation can be greatly improved and its non-uni-
formity range in the CSA output voltage can be reduced
to as low as 0.08 V.
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Fig. 7. Thirty times Monte Carlo simulation results for CSA output
voltage of the (a) conventional circuit, and (b) circuit with the compen-
sation method.

Fig. 9a shows the output voltages of the new CSA with
respect to the different input signals. A good linearity
between the output voltage and input signal is obtained
and it is immune to variation. Fig. 9b compares the stan-
dard deviations of the output voltages for the circuits with
different bias voltage compensations. The merits of the pro-
posed circuit are apparent that the wide operation range
and the small deviation below 0.033 V can be obtained.
Furthermore, the deviation is less dependent on the input
voltage, reflecting the effectiveness of the proposed circuit.

4. Mismatch effect

With the method in the previous section, the circuit’s
immunity to the threshold voltage variation is considerably
improved. However, even if the two devices are very-closely
placed, the micro variation is still observed as shown in
Fig. 10 [13]. The proposed circuit utilizes the assumption
that the devices are perfectly matched, whose immunity
behavior may be deteriorated as the mismatch effect takes
place. To understand the effect of device mismatch, a fur-
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ther study is of practical interest and necessity. For simula-
tion, offset voltage Vg is put at the input node to represent
the Vry mismatch of the TFT pair. The output voltage in
the period before the X-ray exposure is simulated to exam-
ine the offset noise. Fig. 11 shows the statistical simulation
results with V. set at 7 V. The device parameters used in
simulation are shown in Table 1, which are based on the
real measured data of the very-closely located devices
[18,19]. The device mismatch ratio is defined as three times
of the standard deviation divided by its mean value.
Referred to Fig. 11, the output voltage with TFT mismatch
behavior and offset voltage Vos exhibits a large variation
range from 6.75V to 7.2V. The large range around
0.55V could lead to the inaccuracy of the retrieved data
and thus the compensation circuit to suppress the mis-
match effect is required.

The circuit shown in Fig. 12a is used to cancel the offset
voltage. The region surrounded with dashed line represents
the operation amplifier with the offset voltage Vogs. This cir-
cuit corresponds to the right side of the whole CSA circuit
shown in Fig. 5a. The proposed circuit utilizes three addi-
tional transistors and a capacitor to cancel the effect of off-
set. The operation of the circuit contains two stages. Firstly,
only switches T1 turns on to make the signal Vg stored in
the capacitor Cy, as shown in Fig. 12b. At this time, the
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Table 1
The device parameters used in simulation for describing the mismatch
behavior in section IV

Vru (V) Mu (V/dec)

n-Type

Mean value 1.69 59.66
Standard deviation 0.03 7.84
Mismatch ratio 0.053 0.394
p-Type

Mean value 2.41 75.31
Standard deviation 0.05 2.29
Mismatch ratio 0.062 0.091

voltage at node V7 is equal to Vier plus Vos. Secondly, T1 is
turned off and only T2 turns on, as shown in Fig. 12c. At
this time the voltage across the capacitor would be Vi
and (Vier — Vos), making the voltage at the node V3 is Vier,
which could be free from the effect of Vgg. With this com-
pensation, variation between V,, and V.. can be reduced
to 0.02 V, as shown by the solid circles in Fig. 11.
Furthermore, the mismatch effect with different input
signals is shown in Fig. 13. As can be seen, for the circuit
without Vg mismatch compensation, the standard devia-
tion of the output voltage can be as high as 0.8 V and
decreases with input signal to around 0.6 V. However,
the standard deviation of output voltage with Vg compen-
sation is all below 0.08 V and slowly increases with the
input signal. This reveals that the proposed circuit can
effectively reduce the effect of device mismatch on the
CSA sensor. Nevertheless, for the worst case, for the two
compensation circuits the noise arisen from the Vry mis-
match effect is about three times larger than that from
Vru variation effect, which means that both the variation
effect and the mismatch effect for the circuits are important
and neither of them can be ignored. This also reveals that
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Fig. 12. (a) CSA circuit with input offset cancellation. The operation
contains (b) the capacitor compensation stage and (c) cancellation stage.

the device variation should be carefully taken into consid-
eration for the real AMS applications.
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5. Conclusion

A poly-Si TFT circuit with Vg compensation and offset
cancellation capabilities that can be employed in active
matrix sensor systems has been presented and its operation
is described and simulated base on the really measured
database of device parameter. The proposed circuit can
provide high immunity to the variation of poly-Si TFT
characteristics and reduce the output voltage deviation to
as low as 0.08 V. The effect of TFT mismatch is examined
and it is found to be even larger than the variation effect for
the circuit with compensation. A circuit utilizes three tran-
sistors and a capacitor is proposed to cancel the offset effect
and the variation of the output voltage can be suppressed
to below 0.1 V. This indicates that, for the digital X-ray
image with higher resolution, the improvements of poly-
Si TFT circuits in both device variation and mismatch con-
trol are required.
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