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ABSTRACT (ENGLISH)

The temperature coefficient (TC) of n-type ‘polycrystalline silicon thin-film
transistors (poly-Si TFTs) is investigated in this work. The relationship between TC and
the activation energy is observed and explained. From the experimental results, it is
also found that TC is not sensitive to'the deviation of the laser crystallization energy.
On the contrary, channel width can effectively modulate the TC of TFTs. Furthermore,
the temperature coefficient model has been advanced in the thesis. By using the
diode-connected poly-Si TFTs with different channel widths, the first voltage reference
circuit with temperature compensation for precise analog circuit design on glass
substrate is proposed and realized. From the experimental results in a LTPS process, the
output voltage of voltage reference circuit with temperature compensation exhibits a
very low TC of 195 ppm/°C, between 25°C and 125°C. The proposed voltage reference
circuit with temperature compensation can be applied to design precise analog circuits
for System-on-Panel (SoP) or System-on-Glass (SoG) applications, which enables the

analog circuits to be integrated in the active matrix LCD (AMLCD) panels.
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The first chapter, chapter 1, includes the motivation and the thesis organization of
this thesis. The chapter 2 of this thesis introduces some background knowledge of
thin-film transistor liquid crystal displays, the liquid crystal display structure in
TFT-LCD panel, System on Panel (SOP), System on Glass (SOG), and the bandgap
reference circuit (BGR).

In the chapter 3, this thesis introduces the temperature coefficient of different kind
of devices, the P-I-N diodes, P-type diode-connected TFTs and N-type diode connected
TFTs, on glass substrate. From the measurement results of above, we present the
temperature model of N-type diode-connected TFTs.

In the chapter 4, a new voltage reference circuit with temperature compensation
designed with the Low-temperature Polycrystalline Silicon (LTPS) TFTs on glass
substrate by using the temperaturé:model.in the chapter 3 is proposed, which has been
verified in a 3-um LTPS process.

The last chapter, chapter 5, recapitulates-the major consideration of this thesis and

concludes with suggestions for future investigation:
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Chapter 1

Introduction

1.1 MOTIVATION

Polycrystalline silicon thin-film transistors (Poly-Si TFTs) have been widely
investigated for active-matrix liquid-crystal displays (AMLCDs) and their peripheral
driving circuitry due to the increased carrier mobility [1], [2]. The CPU, memory,
timing controller, digital-to-analog converter (DAC), and driving buffer had been
implemented on glass substrate with the low-temperature polycrystalline silicon
(LTPS) TFT process. LTPS AMLCDs integrated with driver and control circuits on
glass substrate have been practically applied in portable systems, such as mobile
phone, digital camera, and notebook, ¢tc. [3],-[4] However, even with the advanced
crystallization technologies such as. the excimer laser annealing (ELA) or the
sequential laser solidification (SLS) process, it is still observed that the carrier
transport in poly-Si TFTs is dominated by the thermionic emission effect [5], [6]. The
energy barriers at grain boundaries confine the carrier movement, reduce the
field-effect mobility, and make the device characteristics to be strongly dependent on
temperature. As a result, to reduce the impact of temperature variation on the
performance of analog circuits in the low-temperature polycrystalline silicon (LTPS)
process is a very important design challenge.

In CMOS technology, the voltage reference circuit with temperature
compensation is the major design to provide a stable voltage reference with low

sensitivity to temperature and supply voltage. The bandgap reference circuit is one of



the most famous and widespread voltage reference circuits with temperature
compensation [7]-[10]. The key idea is to use the temperature-dependent voltage drop
across the diode-connected bipolar junction transistors (BJTs) or across the diodes to
modulate and stabilize the output voltage. The BGR circuit has been widely used in
analog and digital circuits, such as dynamic random access memory (DRAM), flash
memory, analog-to-digital converter (ADC), operational amplifier (OPAMP), buffer
and so on. As the entire TFT-LCD panel circuits which is shown in Fig. 1-1, we know
that the ADC and buffer are the indispensable part in the data driver circuit shown in
Fig. 1-2. Therefore, the BGR circuit is critical point in the development for the
System-on-Panel (SoP) or System-on-Glass (SoG) applications.

Though the BGR circuit is important to provide a stable output voltage, the
LTPS BGR circuit on glass substrate was.never reported in the past. The conventional
CMOS BGR circuit incorporated with BJTs or'p-njunction diodes is a great challenge
for LTPS process since the characteristics.of the poly-Si BJTs or the poly-Si p-n
junction diodes are still unknown. or lack of reliable control. On the contrary, the
characteristics of LTPS TFTs are strongly dependent on temperature even when the
devices are operated in saturation region [3,4]. Therefore, the LTPS BGR circuit can

be realized by using only LTPS TFT devices.

1.2 THESIS ORGANIZATION

The first chapter, chapter 1, includes the motivation and the thesis organization
of this thesis.

The chapter 2 of this thesis introduces some background knowledge of thin-film
transistor liquid crystal displays, the liquid crystal display structure in TFT-LCD panel,
System on Panel (SOP), System on Glass (SOG), and the bandgap reference circuit

(BGR).



In the chapter 3, this thesis introduces the temperature coefficient of different
kind of devices, the P-I-N diodes, P-type diode-connected TFTs and N-type diode
connected TFTs, on glass substrate. From the measurement results of above, we
present the temperature model of N-type diode-connected TFTs.

In the chapter 4, a new voltage reference circuit with temperature compensation
designed with the Low-temperature Polycrystalline Silicon (LTPS) TFTs on glass
substrate by using the temperature model in the chapter 3 is proposed, which has been
verified in a 3-um LTPS process.

The last chapter, chapter 5, recapitulates the major consideration of this thesis and

concludes with suggestions for future investigation.
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Chapter 2
Background of Thin-Film Transistor
Liquid Crystal Displays and Bandgap

Reference Circuit

2.1 OVERVIEW OF LIQUID-CRYSTAL DISPLAY

The liquid-crystal display (LCD) is a thin, flat display device made up of any
number of color or monochrome pixels arrayedqin front of a light source or reflector.
It is often utilized in battery-powered electronic devices because it uses very small
amounts of electric power.

Each pixel of an LCD which is'shown as Fig.2:1 typically consists of a layer of
molecules aligned between two transparent electrodes, and two polarizing filters, the
axes of transmission of which are (in most of the cases) perpendicular to each other.
With no liquid crystal between the polarizing filters, light passing through the first
filter would be blocked by the second (crossed) polarizer. The surfaces of the
electrodes that are in contact with the liquid crystal material are treated so as to align
the liquid crystal molecules in a particular direction. This treatment typically consists
of a thin polymer layer that is unidirectional rubbed using, for example, a cloth. The
direction of the liquid crystal alignment is then defined by the direction of rubbing.
Electrodes are made of a transparent conductor called Indium Tin Oxide (ITO).

Before applying an electric field, the orientation of the liquid crystal molecules is

determined by the alignment at the surfaces. In a twisted nematic device (still the



most common liquid crystal device), the surface alignment directions at the two
electrodes are perpendicular to each other, and so the molecules arrange themselves in
a helical structure, or twist. Because the liquid crystal material is brieringent, light
passing through one polarizing filter is rotated by the liquid crystal helix as it passes
through the liquid crystal layer, allowing it to pass through the second polarized filter.
Half of the incident light is absorbed by the first polarizing filter, but otherwise the
entire assembly is reasonably transparent.

When a voltage is applied across the electrodes, a torque acts to align the liquid
crystal molecules parallel to the electric field, distorting the helical structure (this is
resisted by elastic forces since the molecules are constrained at the surfaces). This
reduces the rotation of the polarization of the incident light, and the device appears
gray. If the applied voltage is large enough, the liquid crystal molecules in the center
of the layer are almost completely untwisted and the polarization of the incident light
is not rotated as it passes through ithe liquid.crystal layer. This light will then be
mainly polarized perpendicular to‘the second filter, and thus be blocked and the pixel
will appear black. By controlling the voltage applied across the liquid crystal layer in
each pixel, light can be allowed to pass through in varying amounts thus constituting
different levels of gray.

The total cross section structure of TFT-LCD panel is shown in Fig.2.2
particularly. It can be roughly divided into two part, TFT array substrate and color
filter substrate, by liquid crystal filled in the center of LCD panel. We still need a
backlight module including an illuminator and a light guilder since liquid crystal
molecule cannot light by itself. However it usually consumes the most power of the
system, some applications such as mobile communications try to exclude or replace it
from the system. In TFT array substrate, we need a polarizer, a glass substrate, a

transparent electrode and an orientation layer. In color filter substrate, we also need an
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orientation layer, a transparent electrode, color filters, a glass substrate and a polarizer.
Most transparent electrodes are made by ITO, and they can control the directions of
liquid crystal molecules in each pixel by voltage supplied from TFT on the glass
substrate. Color filters contain three original colors, red, green, and blue (RGB). As
the degree of light, named “gray level”, can be well controlled in each pixel covered
by color filer, we will get more than million kinds of colors.

Nowadays, there are two ways which are passive matrix drive and active matrix
drive liquid crystal which are shown in Fig.2.3 to exert the electrical field. The ways
to drive the passive matrix drive and the negative matrix drive are almost the same.

This type of display is called passive-matrix addressed which is shown in Fig.2.3
(a) because the pixel must retain its state_between refreshes without the benefit of a
steady electrical charge. As the number of pixels (and, correspondingly, columns and
rows) increases, this type of display becomes-less feasible. Very slow response times
and poor contrast are typical of‘passive-matrix-addressed LCDs.

High-resolution color displays: such as modern LCD computer monitors and
televisions use an active matrix structure shown as Fig.2.3 (b). A matrix of thin-film
transistors (TFTs) is added to the polarizing and color filters. Each pixel has its own
dedicated transistor, allowing each column line to access one pixel. When a row line
is activated, all of the column lines are connected to a row of pixels and the correct
voltage is driven onto all of the column lines. The row line is then deactivated and the
next row line is activated. All of the row lines are activated in sequence during a
refresh operation. Active-matrix addressed displays look "brighter" and "sharper" than
passive-matrix addressed displays of the same size, and generally have quicker
response times, producing much better images. Fig. 2.4 shows the largest LCD TV

produced by Sharp in the world in 2008.



2.2 LCD INDUSTRY AND LTPS TECHNOLOGY

The LCD industry has shown rapid growth in five market areas, namely,
notebook computers, monitors, mobile equipment, mobile telephones, and televisions.
For high-speed communication networks, the emerging portable information tools are
expected to grow in following on the rapid development of display technologies. Thus,
the development of higher specification is demanded for LCD as an information
display device. Moreover, the continual growth in network infrastructures will drive
the demand for displays in mobile applications and flat panels for computer monitors
and TVs. The specifications of these applications will require high-quality displays
that are inexpensive, energy-efficient, lightweight, and thin.

Amorphous silicon (a-Si) thin-film transistors (TFTs) are widely used for
flat-panel displays. However, the ‘low field-effect mobility (ability to conduct current)
of a-Si TFTs allows their application only as pixel switching devices; they cannot be
used for complex circuits. In contrast; the-high driving ability of polycrystalline Si
(p-Si) TFTs allows the integration. of various. ‘circuits such as display drivers.
Eliminating LSI (large-scale integration) chips for display drivers will decrease the
cost and thickness of displays for various applications. There are high-temperature
and low-temperature poly-Si TFTs, defined by the maximum process temperature they
can withstand. The process temperature for high-temperature poly-Si can be as high
as 900°C. Hence, expensive quartz substrates are required, and the profitable substrate
size is limited to around 6 in. (diagonal). Typical applications are limited to small
displays. The process temperature for low-temperature poly-Si (LTPS) TFTs, on the
other hand, is less than 600°C, which would allow the use of low-cost glass substrates.
This makes possible direct-view large-area displays—for example, UXGA (ultra
extended graphics array) monitors of up to 15.1 in. (diagonal) with a resolution of

1600 x 1200 pixels. For this reason, LTPS technology has been applied successfully to
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not only small-sized displays, but also medium- and large-screen products. To take the
iPhone 3G shown in Fig. 2.5 for instance, the glass substrate of the product by Apple
made in the LTPS process, hence, the cost compared with the iPhone can be reduced

about 100 US dollars

2.2.1 System-on-Panel/System-on-glass Displays

LTPS TFT-LCD technology has some features of system integration within a
display. It can make a compact, high reliable, high resolution display. Because of this
property, LTPS TFT-LCD technology is widely used for mobile displays. Fig. 2.5
shows the system integration roadmap of LTPS TFT-LCD [4], [12].

System-on-panel (SOP) displays are wvalue-added displays with various
functional circuits, including static randem access memory (SRAM) in each pixel,
integrated on the glass substrate [4]. Fig. 2.6 shows the basic concept of pixel memory
technology. When SRAMs and a‘liquid crystal AC driver are integrated in a pixel area
under the reflective pixel electrode, the LCD is driven by only the pixel circuit to
display a still image. It means that no charging current to the data line for a still image.
This result is more suitable for ultra low power operation. Eventually, it may be
possible to combine the keyboard, CPU, memory, and display into a single “sheet
computer”. The schematic illustration of the “sheet computer” concept and a CPU
with an instruction set of 1-4 bytes and an 8b data bus on glass substrate are shown in
Fig. 2.7, respectively [11], [12]. Fig. 2.8 shows the roadmap of LTPS technologies
leading toward the realization of sheet computers. Finally, all of the necessary
function will be integrated in LTPS TFT-LCD. Although the level of LTPS is as
almost the same as the level of the crystal Si of 20 years ago, actual operation of

50MHz with 1pm design will be realized near future [13].



2.2.2 The Advantages of the SOP/SOG LTPS TFT-LCD Displays

The distinctive feature of the LTPS TFT-LCD is the elimination of TAB-ICs
(integrated circuits formed by means of an interconnect technology known as
tape-automated bonding). LTPS TFTs can be used to manufacture complementary
metal oxide semiconductors (CMOSs) in the same way as in crystalline silicon metal
oxide semiconductor field-effect transistors (MOSFETs). Fig. 2.5 shows the cross
sectional structure of a LTPS TFT CMOS. In the LTPS process, a buffer oxide and an
a-Si:H film were deposited on glass substrate by plasma enhanced chemical vapor
deposition (PECVD) system and then the XeCl excimer laser was used to crystallize
this film [14]. The thickness of a-Si film deposited in this work is about 50 nm. After
active islands were defined, the jon doping process was carried out to the N regions,
Following, double gate insulator films, SiOX and SiNX, were deposited by PECVD
system. The gate metal Mo was deposited and then patterned. Subsequently, the
N~ and P" ion dopings were implanted in the lightly doped drain (LDD) region and
the P" region of LTPS TFT device on panel, respectively. Here, the N~ doping is a
self-aligned process without extra mask. All ion doping processes were completed; the
doping activation was performed by rapid thermal annealing (RTA). After the
inter-metal dielectric (IMD) layer was deposited, the contact holes and the metal pads
were formed for interconnection, as shown in Fig. 2.5 Moreover; hydrogenation was
used to improve the device performance [15]. Finally, all LTPS thin-film devices,
including diodes and transistors, were finished after their contact holes and metal pads
formation.

For a-Si TFT-LCDs, TAB-ICs are connected to the left and bottom side as the Y

driver and the X driver, respectively. Integration of the Y and X drivers with LTPS
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TFTs requires PCB (printed circuit board) connections on the bottom of the panel only.
The PCB connection pads are thus reduced to one-twentieth the size of those in a-Si
TFT-LCDs. The most common failure mechanism of TFT-LCDs, disconnection of the
TAB-ICs, is therefore decreased significantly. For this reason, the reliability and yield
of the manufacturing can be improved. Decreasing the number of TAB-IC
connections also achieves a high-resolution display because the TAB-IC pitch
(spacing between connection pads) limits display resolution to 130 ppi (pixels per
inch). A higher resolution of up to 200 ppi can be achieved by LTPS TFT-LCDs.
Therefore, the SOP technology can effectively relax the limit on the pitch between
connection terminals to be suitable for high-resolution display. Furthermore,
eliminating TAB-ICs allows more flexibility in the design of the display system
because three sides of the displdy are now. free of TAB-ICs [11]. Fig. 2.9 shows a
comparison of a-Si and LTPS TET-LCD modules. The 3.8” SOP LTPS TFT-LCD

panel has been manufactured successfully and.it.is shown in Fig. 2.10.

2.3 BRIEF INTRODUCTION OF BANDGAP REFERENCE CIRCUIT

Voltage reference is a pivotal building block in mixed signal and radio-frequency
systems. For example, a generic mixed-signal system, as shown in Fig. 2.11[16]-[18],
has more than one voltage reference due to different voltage reference requirements
and also to avoid crosstalk through a single reference circuit. In such a system, a
voltage reference is needed for the power-management block, which includes many
on-chip DC-DC power converters to provide regulated power. Some other voltage
references are utilized in ADCs and DACs, which need high-accuracy reference
voltages to provide high-resolution high-speed data conversions even in low

supply-voltage conditions.
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The concept of bandgap reference circuit in CMOS technology is shown in
Fig.2.12. In this circuit, the output voltage (Vzgr) is the sum of a voltage (V)p) of the
p-n junction diode and the thermal voltage Vt ( = kT/q). Hence, by using the circuit
design the output voltage Vrgr of the fundamental bandgap reference circuit can be

expressed by
Veer =V, + KV, 2-1)

Where the voltage Vp is generated from a p-n junction diode with a negative
temperature coefficient of — 2.2mV/°C at room temperature, and the thermal voltage
Vt is proportional to absolute temperature (PTAT), which is used to compensate the
negative coefficient VD, has a temperature coefficient of +0.085mV/°C. After
multiplying the PTAT voltage with an‘appropriate factor and summing with VEB, the
bandgap reference would resultin very;low. sensitivity to temperature. Consequently,
if a proper ratio of resistors is kept, the output voltage with very low sensitivity to

temperature can be obtained. In"general, the VREF is-about 1.25 V in CMOS process.
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Chapter 3
Temperature Coefficient of LTPS

Devices

3.1 INTRODUCTION

Polycrystalline silicon thin-film transistors (Poly-Si TFTs) have been widely
investigated for active-matrix liquid-erystal displays (AMLCDs) and their peripheral
driving circuitry due to the increased carrier, mobility. However, even with the
advanced crystallization technologies such as the excimer laser annealing (ELA) or
the sequential laser solidification (SLS) process, its still observed that the carrier
transport in poly-Si TFTs is dominated by the thermionic emission effect. The energy
barriers at grain boundaries confine the carrier movement, reduce the field-effect
mobility, and make the device characteristics to be strongly dependent on temperature.
As a result, to reduce the impact of temperature variation on the performance of
analog circuits in the low-temperature polycrystalline silicon (LTPS) process is a very

important design challenge.

3.2 DEVICE FABRICATION

3.2.1 N-TYPE POLY-SILICON TFT

For device analysis, the typical top-gate, coplanar self-aligned n-type poly-Si
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TFT devices which is shown in Fig. 3.1.(a) with 1.25-um-length LDD structure were
used in this study. First, the buffer layer was deposited on the glass substrate. Then,
the undoped 50-nm-thick a-Si layer was deposited and crystallized by XeCl excimer
laser with a laser energy density varied from 340 mJ/ cm® to 420 mJ/ cm”. The lowest
laser energy density of the thesis, 340mJ/cm’, is lower than that in the general LTPS
TFT process about 400 mJ/cm®. The measured range is suitable for the general
situation. Although the driving ability of the lowest laser energy density is low, the
temperature coefficient of the devices have similar tendency with other TCs.

The recrystallized poly-Si films were patterned into the active islands. Afterward,
the 60-nm-thick oxide layer was deposited as the gate insulator. Then, the
200-nm-thick Molybdenum was deposited and patterned as the gate electrode. The n-
doping was performed self-aligned to the gate.electrode. The n* source/drain region
was defined by an additional mask. The dopants were activated by thermal process.
After the deposition of nitride passivation.and. the formation of contact holes, the
550-nm-thick Titanium/Aluminum/Titanium tri-layer metal was deposited and
patterned to be the metal pads. The channel length of the devices keeps as 6 pm while
the channel width changes from 30 um to 6 pm. For the BGR circuit verification, the

devices (L = 6 pm) fabricated by the 3-um LTPS process are used.

3.2.2 P-TYPE POLY-SILICON TFT

As shown in Fig. 3.1(b), the structure of P-type poly-Si TFT devices had been
measured in this paper. Unlike N-type poly-Si TFT, the LDD structure does not exist
in the P-type poly-Si TFT. First, like N-type poly-Si TFT, the buffer layer was
deposited on the glass substrate. Then, the undoped 50-nm-thick a-Si layer was
deposited and crystallized by XeCl excimer laser with a laser energy density. The

recrystallized poly-Si films were patterned into the active islands. Afterward, the
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60-nm-thick oxide layer was deposited as the gate insulator. Then, the 200-nm-thick
Molybdenum was deposited and patterned as the gate electrode. The p doping was
performed self-aligned to the gate electrode. The p~ source/drain region was defined
by an additional mask. The dopants were activated by thermal process. After the
deposition of nitride passivation and the formation of contact holes, the 550-nm-thick
Titanium/Aluminum/Titanium tri-layer metal was deposited and patterned to be the

metal pads.

3.3 MEASURED RESULTS AND TEMPERATURE

COEFFICIENT MODEL

The measurement setup of devices is shown. in Fig.3.2, where the HP 4156
semiconductor and DC probe Station are used to measure the I-V characteristic, and
temperature controller is usedto change-the temperature. Fig.3.3 (a) shows the setup
to measure voltage Vs of diode-connected NTETs 'under the bias of Isp, and voltage
Vsq of diode-connected PTFTs under the bias of Ipg in Fig 3.3 (b).

First of all, the IV characteristics of devices which are shown in Fig. 3.4 have
been measured with changing the temperature, and it’s found that the voltage
decreases as temperature increases. Hence, the formula of temperature coefficient (TC)
can be expressed as

AV,

Temperature Coefficient (TC) = A—{;’S (3-1)

Therefore, the relationships between voltage and temperature of diode-connected
PTFTs and diode-connected NTFTs have been shown in Fig. 3.5 and Fig. A.3
individually. Fig. 3.5(a) shows the relationship between Vs and temperature with

identical current Ips by changing the device dimensions (W/L = 10um/8um,
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30pum/8um, and 60pum/8um). It can be found that the TCs increase as the device
dimensions increase. The results are similar to TC of the devices which are used to
design the BGR circuit in the silicon process. However, the TCs of diode-connected
PTFTs which are shown in Fig. 3.5(a) decrease as the device dimensions increase.
Furthermore, the relationship between Vs and temperature by changing current with
the same device dimension of the diode-connected NTFT devices have been shown in
Fig. 3.5(b). It can be also found that the bias current levels are strong impact on
temperature coefficient. The TCs of the diode-connected PTFT devices have the
similar results.

The temperature coefficient of these structures of devices have been measured
simply, however, the variation of TC is most significant to establish the temperature
coefficient model. Besides, the characteristic.of TCS,of the diode-connected NTFT are
suitable for the voltage reference circuit with temperature compensation design.
Therefore, we choice the diode-connected N'TET devices to establish the temperature

coefficient model and the detail are shows as below amply.

Since the temperature response of the LTPS devices is mostly influenced by the
thermionic emission effect with an activation energy associated with the grain
boundary barrier height, the relationship between the activation energy and the
temperature coefficient is first investigated in this paper. As shown in Fig. 3.7, the
activation energy (E,) extracted from the Arrhenius plot of the drain current is
depicted as a function of the gate bias (Vgs). The drain bias (Vpy) is equal to Vs for
the diode-connected TFT devices. Devices with three different channel widths are
measured in Fig. 3.7. Devices are fabricated in the same run with identical
crystallization laser energy density. It is found that, similar to the three-terminal LTPS

devices, E, of the diode-connected devices is strongly dependent on Vgs. Under small
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gate bias, £, is high. When Vg is increased, E, decreases drastically. It is well known
that, for the 3-terminal LTPS TFT devices, the measured activation energy represents
the grain boundary energy barrier of the poly-Si film which is sensitive to the poly-Si
thin film properties [5], [6]. Channel width has no influence on the thin film
properties, so devices with different channel widths exhibit similar £, characteristics
as those measured in Fig. 3.7.

Then, to extract the temperature coefficient, the setup to measure Vgs of the
fabricated devices under the bias of three different current levels (1 pA, 10 pA, and 50
pA) is shown in Fig. 3.3(a). The measured Vg of the fabricated device with channel
width of 30 um is plotted as a function of temperature in Fig. 3.8. As shown in Fig.
3.8, Vis is decreased while the temperature increases. Almost linear relationship
between Vs and temperature can be observed in"Fig. 3.8, the slope represents the
temperature coefficient (TC). For the diode-connected NTFT with channel width of
30 wm under different current levels; the TC.is-negative. Additionally, the magnitude
of TC decreases when the bias cutrent is increased. When the bias current increases
from 1 pA, 10 pA, to 50 uA, the TC varies from -6.04 mV/°C, -5.04 mV/°C, to -2.96
mV/°C. It is noted that for one identical diode-connected device, the increase of bias
current gives rise to the increase of operation voltage. As a result, the larger bias
current makes the devices operated under larger Vgs with smaller £, and smaller
magnitude of TC. This result clearly demonstrates the relationship between the
activation energy and the TC. Furthermore, the aforementioned discussion can be
expressed by the following derivation.

For LTPS TFTs, the drain current /ps of devices operated in saturation region can

be expressed as [19], [20]

w v,
Ips = Z 1C, Vs =Viy )2 exp(— Vi)a (3-2)
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where 4 is the carrier mobility within the grain, L denotes the effective channel
length, W is the effective channel width, C,, is the gate oxide capacitance per unit
area, Vry is the threshold voltage of TFT device, which Vg is the gate-to-source
voltage of TFT device. Vp is the potential barrier at grain boundaries which is
associated with the crystallization quality of the poly-Si film. When the activation
energy is extracted from the Arrhenius plot of the drain current, it is equal to ¢ V3. Fig.
3.15 shows the Arrhenius plot of log drain current Ips versus 1/T (K) gives the
activation energy ¢V under different gate bias Vgs. The negative slopes (-m)
represent the activation energy ¢Vp, and the different potential barrier of grain
boundary Vg could be calculated with different Vgs. Under small Vs, Vg is large.
When the Vs increases, Vp decreases rapidly. When the device in circuit is operated
under small Vs, the drain current /ps of device i1s dominated by the exponential term

and can be simplified by

Z
I =Wa eXp(—VB), (3-3)

T

where a is only weakly dependent on Vg but'it is insensitive to temperature. Then,

the equation of Vg can be derived as

kT . W
V=V, In <I—> ==, (3-4)

DS I DS

When there is a variation of temperature A7, the corresponding variation on Vj is

av, =22, (-5)

q Ips

Fig. 3-9 shows the measured dependence between potential barrier of grain
boundary Vp and gate-to-source voltage Vs of diode-connected NTFT with device
dimension W/L of 30um/6pm, whereas the laser energy density is kept at 340 mJ/cm?.
As shown in Fig. 3-9, the variation of Vp is related to the variation of Vgs. Assume

that the variation of Vs (AVgs) is very small, and a negative linear approximation can
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be given between AV and AVgs as

AV, = —lAVB = ——kAT ln(@), (3-6)
m mq I

where m is the absolute slope of the linear approximation between AVp and AVgg in

Fig. 3-9. Finally, the temperature coefficient (TC) can be found as

Mok ey N, .

TC = =
AT mq DS mAT

Even though the increase of V3 accompanies with the increase of m, the variation of
V5 can be more significant than that of m under a proper design.

The activation energy, as well as the grain boundary barrier, should be related to
the grain structure and the grain boundary property where shown in Fig.3.10. It is
therefore presumed that the lasef:energy. density of the ELA process influences the
grain structure and affects the: TC of the devices: The laser energy density has the
great impact on grain boundary- barrier: Fig.-3.10(a) shows the activation energy of the
diode-connected devices with the poly-Si film “crystallized under different laser
energies (340, 400, and 420 mJ/cm?). The temperature coefficients can’t be changed
significantly by laser energy density in the thesis because the measured results under
constant current make the devices have toleration of laser energy density. The channel
width of the TFT device studied in Fig. 3.10(a) is 30 wum. The activation energy is
found to be reduced with increasing laser energy density. As a result, the TC of the
devices with higher laser energy density is also smaller than those with lower laser
energy density as shown in Fig. 3.10(b). However, the influence of laser energy
density on the TC is not significant. When the laser energy density changes £10%, the
temperature coefficient changes only about +2.75%. The reason can be explained by
identifying the biasing points of three devices in Fig. 3.10(a). The operation voltages

of three devices under the bias of 10-pA Ips which are indicated by the arrow symbols
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in Fig. 3.10(a). It is found that the activation energies of the three biasing points are
similar. This makes the TC insensitive to the deviation of the laser energy density in
the ELA process. Similar results can be also observed for the devices with small
channel width of 6 um in Fig. 3.11(a) and Fig. 3.11(b), where the laser energies for
poly-Si film crystallized are also 340, 400, and 420 mJ/cm”.

The influence of the channel width on the TC, however, is found to be significant.
When the diode-connected devices are biased under a constant current of 10 pA, Vgs
of TFT devices with channel widths of 6 um and 30 pm are plotted as a function of
temperature in Fig. 3.12, whereas the laser energy density is kept at 400 mJ/cm’.
Obviously, the wide-channel-width device exhibits more negative TC than the
narrow-channel-width device. From Fig. 3.7, it has been observed that the channel
width has only little influence on'the device activation energy. However, when all the
devices are biased by identical current source, the wide-channel-width devices are
operated under small Vs and«the narrow-channel-width devices are operated under
large Vgs. When Vs is reduced, the activation energy is drastically enlarged as shown
in Fig. 3-7. As a result, the absolute value of the temperature coefficient is
significantly enlarged by increasing the channel width. Such a phenomenon can be
also explained by Eq. (3.7).

Eq. (3-7) shows the relationship between temperature coefficient and the slope
(m). Vgs is strongly dependence of the channel width W. Fig. 3.4 shows that the Vgs
decreases as Vg increases. Therefore, the width channel width corresponds to the high
temperature coefficient. The channel width can be obtained by Vggs for integrate
circuit design.

Finally, the TC of the diode-connected NTFT devices biased under a 10-pA
current are plotted in Fig. 3.13. The influences of channel width and crystallization

laser energy on the TC of the diode-connected NTFT devices are compared. It can be
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concluded that the influence of ELA laser energy density or the poly-Si thin film
property on the TC is relatively small. This makes the voltage reference circuit with
temperature compensation not sensitive to the deviation of the laser annealing process
in the LTPS technology. On the contrary, changing the device channel width can
effectively change the TC of the diode-connected device. This enables the designer to
modulate the TC of the diode-connected devices easily. Furthermore, Fig.3.14 shows
the comparison between the measurement and calculated results of Eq. (3-7). The
potential barrier of grain boundary V'3 could be calculated by the Arrehius plot shown
in Fig. 3.15. Therefore, the temperature coefficient could be calculated by Eq. (3-7),

and the compared results are almost similar.

34 CONCLUSION

The temperature coefficient of TFT devices in LTPS technology is strongly
dependent on the activation energy- of the devices.- With a suitable control, higher
activation energy gives rise to higher-absolute value of the temperature coefficient.
The influence of the laser energy density in ELA process on the temperature
coefficient of the devices is not significant. On the other hand, the bias current level
and the channel width have a strong impact on the device temperature coefficient. As
a result, the temperature coefficient of devices can be controlled by regulating the
channel width of the devices. With an appropriate circuit design, a positive
temperature coefficient can be generated by using the voltage drop between devices
those have different temperature coefficients (different channel widths). Then, the
positive temperature coefficient can be used to compensate the negative temperature

coefficient from the devices.
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Fig. 3.9. The grain size with poly-Si film crystallized by laser energy density as (a)
340, (b) 380, and (c) 420 mJ/cm”.
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Chapter 4
On-Glass Voltage Reference Circuit

with Temperature Compensation in

LTPS process

4.1 INTRODUCTION

Reference voltage generatorstare widely used in analog and digital circuits, such
as DRAM, flash memory, analog-to-digital ‘converter (ADC), and so on. The voltage
reference circuit with temperature compensation is the major design to provide a
stable voltage reference with low:sensitivity to the temperature and the supply voltage.
However, the BGR circuit is one of the most famous and widespread voltage
reference circuits with temperature compensation. So far, many techniques in CMOS
process have been proposed to develop voltage or current references, which can be

almost independent of temperature and power-supply voltage.

4.2 TRADITIONAL BANDGAP CIRCUIT DESIGN

4.2.1 TRADITIONAL BANDGAP REFERENCE CIRCUIT IN

CMOS TECHNOLOGY

The working principle of a bandgap voltage reference can be illustrated by Fig.
4.1[21], [22]. Since VBE decreases approximately linear with temperature while VT
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increases linearly with temperature, a low-temperature-dependence VMF can be
obtained by scaling up ¥, and summing it with VBE. The above-mentioned concept
can be implemented as shown in Fig. 3 [22] by using parasitic vertical BJTs.

A traditional implementation of bandgap reference circuit in CMOS technology is
shown in Fig. 1 [11]. In this circuit, the output voltage (VREF) is the sum of a
base-emitter voltage (VEB) of BJT Q3 and the voltage drop across the upper resistor
R2. The BJTs (Q1, Q2, and Q3) are typically implemented by the diode-connected
vertical parasitic PNP bipolar junction transistors in CMOS process with the current
proportional to exp(Vzp/Vr), where Vr (=kT/q) is the thermal voltage. Under constant
current bias, Vgp is strongly dependent on Vr as well as temperature. The current
mirror is designed to bias Q;, Q,, and Q3 with identical current. Then, the voltage drop
on the resistor R; can be expressed by

Ve =V ln(é), (4-1)

A,
where A; and A4, are the emitter areas of Q; and 'Q,. It is noted that Vg; exhibits a
positive temperature coefficient when A; is larger than A4,. Besides, since the current
flows through R;is equal to the current flows through R,, the voltage drop on the

resistor R, can be expressed by

R A
VRZ == ?2 VT ln(A_l) (4_2)

1 2

Hence, the output voltage of the traditional bandgap reference circuit can be written as

R A
Veer =Vigs + EZ Vr ln(j)- (4-3)

1 2

The second item in Eq. (3) is proportional to the absolute temperature (PTAT), which

is used to compensate the negative temperature coefficient of Vgps. In general, the
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PTAT voltage comes from the thermal voltage /'y with a temperature coefficient
about + 0.085 mV/°C in CMOS technology, which is quite smaller than that of Vg;.
After multiplying the PTAT voltage with an appropriate factor (R,/R;) and summing
with Vg, the bandgap reference circuit would result in very low sensitivity to
temperature. Consequently, if a proper ratio of resistors is kept, the output voltage
(Vrer) with very low sensitivity to temperature can be obtained.

From the analysis on traditional BGR circuit, it is known that the realization of
BGR circuit in CMOS process strongly depends on the temperature coefficient of
BJTs (Qi, Qz, and Q3). In other words, the exponential term exp(Vgs/Vr) in the I-V
relationship of BJTs makes it possible to obtain a PTAT voltage from the voltage
difference of a large-area BJT and a small-area BJT. The voltage across MOSFETs
was not sensitive to temperature; so MOSFETs were seldom used in BGR circuit
directly. Unlike MOSFETs, the characteristics of LTPS TFTs are strongly dependent
on temperature even when the devices are-operated in saturation region [5], [6].
Therefore, it is expected that the BGR circuit can be realized by using only LTPS TFT

devices on glass substrate.

4.2.2 BANDGAP REFERENCE CIRCUIT BASED ON

SUBTHRESHOLD MOSFETS

A pure MOSFET BGR circuit was realized only when the MOSFETs are biased
in subthreshold region [9], [23]. In this circuit, the active load of the bandgap
reference circuit is shown in Fig. 4.2. Assuming that all transistors of the active load

work in the saturation region, the output reference voltage would be given by

21
Vier = Vo + k_o (4-4)
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where /) is the bias current of Mj,. The temperature coefficient of the output reference
voltage consists of a first component due to the temperature dependence of the
threshold voltage and a second component due to the temperature dependence of
mobility and of the bias current. Since is proportional to mobility, a bias current
proportional to mobility would completely suppress the effect of the temperature
dependence of mobility on the output reference voltage.

As a first approximation, we can assume that the threshold voltage of an nMOS

transistor linearly decreases with temperature, as shown below:

V(M) =V, (1) - K, (T =T)) (4-5)

where T is the absolute temperature and T is the absolute temperature at which K;; is
evaluated. As a consequence, in ordento achieve the temperature compensation with a
perfect cancellation of the temperature dependence of mobility at any temperature, the
bias current proportional to mobility and to the temperature squared is need, that is, 7,
oc y(T)T°. We have found a Solution to generate such a current based on MOS
transistors operating in the saturation and ‘the subthreshold regions, as will be
explained as below.

A circuit formed by transistors numbered from M; to Mg generates a current /
as independent as possible of the supply voltage Vpp. Such current is then injected
into the diode-connected NMOS transistor Mjo. The temperature dependence of [ is
compensated by the temperature dependence of the gate-source voltage of M,
generating a temperature-compensated reference voltage Vggr.

The core of the current generator circuit is represented by transistors M;—Ma,
which determine the value of the current /y, whereas transistors Ms and Mg impose
equal current /; in M; and M3 and transistors M5 and Mg impose equal current /) in M,

and My. Transistors M; and M3 (indicated with a symbol having a thicker line for the
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gate) are 5-V nMOS transistors with a threshold voltage of 0.7 V; all the other
transistors are 3.3-V MOS transistors with a threshold voltage of 0.498 V and 0.75 V
for nMOS and pMOS, respectively. The two different threshold voltages allow us to
bias and in the subthreshold region M, and M3, at the same time, to bias M, and My in
the saturation region. Such behavior is achieved by setting the gate-source voltages of
M1, M2 and M3, M4 to a value between 0.498 V and 0.7 V. The I-V characteristics
of an nMOS transistor that operates in the saturation and the subthreshold regions can

be approximated by (1) and (10), respectively.

W
V;— ; exp(—=&—=* G; Vi )[1—exp(- Ifs )] (4-6)

T T

I, =uC,

where Vr is the thermal voltage and m is the subthreshold slope parameter. In the
following, the integer subscript i will be added to quantities referred to transistor M;.
The gate-source voltages of ‘M;.and M, (M3 and“M,) are identical and can be
extracted from (1) and (10) by considermg and in subthreshold with drain current /;
and M, and My in saturation with'a.drain current 7). Then, by enforcing Vgs; = Visz

and Vgs3 = Visy, the thermal voltage of M1 and M2 (y4; and Vy3) can be expressed as

1 21
Vh +mV In( 1 ): Vh + -0 (4_7)
" CoxVTzl/Vl /Ll " lLlC())CWvZ /L2
1 21
V.. +mV,In ! =V, + |—— ]
O eN 2 TR TeR AT &

where we have neglected channel length modulation (A = 0) and have set the term
between square brackets in (10) to unity. Apparently, since the source terminals of all
nMOS transistors are grounded, the body effect plays no role and Vy,; = Vi, and Vi =

Vin2. By subtracting (12) from (13), the expression of the current /) can be written as

uC WL 5, , WL,
=—2 2 2 mV In"(—=—— i
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where N = \/(W4 IL,)I(W,[L,), Therefore, the output voltage Vzzr can be expressed
as

L L
VREF _Vthlo + mVT W4/ . In(W3/ 2
N -1 I/Vlo/Llo VVI/Ll

) (4-10)

The design of the bandgap reference circuit based on subthreshold region
achieves a complete cancellation of the effects of the temperature dependence of
carrier mobility for any temperature. Besides, channel length modulation and body

effect are compensated, providing very good temperature compensation.

4.3 NOVEL ON-GLASS VOLTAGE REFERENCE CIRCUIT

WITH TEMPERATURE COMPENSATION

The incorporation of BJTs-or diodes into CMOS technology somehow makes the
process control difficult. Moreover, to precisely ‘bias the devices in subthreshold
region is quite difficult with consideration of process variation. The variation of
carrier mobility is also a great challenge in LTPS process.

However, the 1I-V characteristics of LTPS TFT devices have been found to be
strongly dependent on temperature when the devices are operated in the saturation
region. Furthermore, as we know that the difference of TCs between the
wide-channel-width device and the narrow-channel-width device is very useful if a
positive TC can be extracted from the Vs of the wide-channel-width device to the Vs
of the narrow-channel-width device. This positive TC can be used to compensate the
negative TC in the Vgs of TFT devices. Hence, the concept can be applied to design

the bandgap reference in LTPS process.
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4.3.1. Implementation

The new proposed voltage reference circuit with temperature compensation
designed and fabricated by a 3-um LTPS technology is shown in Fig. 4.4. In this
circuit, the TFTs M;, M,, M3, My, and Ms are biased in saturation region. The
diode-connected NTFT devices Mg, M7, and M, which replace the diode-connected
BJTs in traditional CMOS BGR circuit (Fig. 4.1) [11], are also biased in saturation
region. The nodes n; and n; are designed to have equal potential by the current mirror
circuit.

The channel width of Mg (Ws) is larger than the channel width of M7 (#7), so the
TC of Mg is more negative than the TC of M5;. The voltage drop on the resistor R;
(Vr1) therefore exhibits a positive, TC. If the dependence of m on Vs is neglected, the

variation of Vg; (AVy,) as a function of AT can be expressed as

KAT ' W kAT
AVp =——n(=)=——InN. (4-11)
mg. W, mg

Obviously, AVg; is proportional to the absolute temperature (PTAT). Hence, a
PTAT loop is formed by My, M7, and R;. The PTAT current variation Al; can be

written as

kAT
Al = In N, (4-12)

mgR,

where N (=Ws/W;) is the channel width ratio of My and M;. The current mirror, which
is composed of M|, M, and M3, imposes equal currents in these three branches /;, >,
and /; of the circuit. The output voltage (Vrer) is the sum of a gate-source voltage of
TFT Ms (Vgss) and the voltage drop across the upper resistor (Vz;). Therefore, the
output voltage variation (AVgzgr) of the new proposed voltage reference circuit with

temperature compensation can be expressed as
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R kAT
AV =ALR, + AV =—2——In N + AV, (4-13)

R, mq
where R; and R; are the resistances shown in Fig. 9. The first item in Eq. (4-13) with
positive TC is proportional to the absolute temperature (PTAT), which is used to
compensate the negative temperature coefficient of AVgss. After multiplying the PTAT
voltage with an appropriate factor (proper ratio of resistors) and summing with AVggss,
the output voltage of voltage reference circuit with temperature compensation would
result in very low sensitivity to temperature.

The proposed voltage reference circuit with temperature compensation has been
fabricated in a 3-um LTPS technology. Figure 4.5 shows the chip photo of the new
proposed voltage reference circuit with temperature compensation fabricated on glass
substrate. The chip size of the proposed. voltage teference circuit with temperature
compensation is 400 x 380 um’. The resistance Ry and R, implemented by the poly

resistance are also included inte the layout.

4.3.2. Measurement Results

First, the measurement of the TC of diode-connected LTPS TFT devices with
channel width of 6 pm is performed by changing the temperature from 25°C to 125°C.
Under a constant driving current of 10 pA, the Vgs as a function of temperature is
plotted in Fig. 4.3(a). It can be observed that when temperature increases from 25°C
to 125°C, the Vs decreases from 1.88 V to 1.66 V. In Fig. 4.3(a), the temperature
coefficient of this TFT device with channel width of 6 um is approximated as -2.15
mV/°C. Furthermore, the TC of diode-connected LTPS TFT devices with a wide
channel width of 30 pm is measured. Under a constant driving current of 10 pA, the

Ves as a function of temperature is plotted in Fig. 3.8. As temperature changes from
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25°C to 125°C, the Vg decreases from 1.23V to 0.78YV, significantly. In Fig. 3.8, the
temperature coefficient of this TFT device with 30-um channel width is approximated
as -4.85 mV/°C. As predicted, the LTPS TFT device with a larger channel width
exhibits a larger absolute value of TC.

Fig. 4.6. shows the measurement setup of the voltage reference circuit with
temperature compensation in the 3-um LTPS process. The threshold voltage of TFT
devices in a 3-um LTPS technology is Vi, = Vi, = 1.25 V at 25 °C. The total gate
area of My is 480 um” and that of M; is 80 um? in this fabrication. The resistors in this
chip, formed by poly resistors with minimum process variation, are used to improve
the accuracy of resistance ratio. The power supply voltage Vpp is set to 10 V, and the
total operating current is 8.97 pA. The measured results of the output voltage (Vrgr)
from 25 to 125°C are shown in Fig. 4.7, where the' R2 is drawn with different values
in the test chips. As R, is equal:to:500 k€, the'measured temperature coefficient of the
fabricated voltage reference circuit with-temperature compensation on glass substrate
is around 195 ppm/°C (without laser trimming after fabrication), whereas the output
voltage (Vggr) is kept at 6.87 V. Furthermore, Fig. 4.8 which are the other tape-out
results show the relationship between the output voltage (Vzgr), the voltage drop
across the upper resistor (Vz,), and the voltage drop across the diode connected NTFT
(Vus). Apparently, the output voltage (Vrer) is the sum of the voltage drop across the
diode connected NTFT (Vgss), where is the PTAT voltage, and the voltage drop across

the upper resistor (V) with the negative temperature coefficient.

4.4. DISCUSSION

The measurement results of temperature range shown in the thesis are form 25°C

to 125°C, however, the standard of the temperature range for the on-glass analog
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circuit design haven not be established up to the present. Nonetheless, the standard of
the temperature range for the on-glass circuit design can refer to that for the
traditional CMOS analog IC circuit design. The temperature range for CMOS process
is from 25°C to 80°C [16]. The temperature range in the thesis is up to 125°C because

of considering the thermionic emission effect and hot carrier effect.

4.5 SUMMARY

The new proposed voltage reference circuit with temperature compensation
realized by all TFT devices has been successfully verified in a 3-um LTPS process.
The measurement results of the voltage reference are Vrgr of 6.87 V with temperature
coefficient of 195 ppm/°C, which consumes ‘an operating current of 8.97 pA under
supply voltage of 10 V on glass|substrate. The mew proposed bandgap voltage
reference circuit can be used to realize the precise analog circuits in LTPS process for

System-on-Panel (SoP) or System-on-Glass (SoG) applications.
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Name Type Single‘ Finger Multiply Total Size
Size
PTFT 10pm/6pm 1 10pm/6pm
PTFT 10pm/6pm 1 10pm/6pm
PTFT 10pm/6pm 1 10pm/6pm
NTFT 10pm/6pm 6 60pum/6pm
NTFT 10pm/6pm 6 60pum/6pm
NTFT 6um/6pm 8 48um/6pm
NTFT 6m/6pm 1 6pmoé6pum
NTFT opm/6pm 1 6pm/6pm
Resistor 150KQ 1 150KQ
Resistor 500KQ 1 500KQ

Table I. The device dimensions of the proposed voltage reference circuit with

temperature compensation.
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temperature compensation under'the supply veltage (a) 8V, (b) 9V, and (c) 10V in
the 3-um LTPS process.
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Chapter 5

Conclusion

5.1 CONCLUSION

The temperature coefficient of TFT devices in LTPS technology is strongly
dependent on the activation energy of the devices. With a suitable control, higher
activation energy gives rise to higher absolute value of the temperature coefficient.
The influence of the laser energy density in ELA process on the temperature
coefficient of the devices is not significant. On the other hand, the bias current level
and the channel width have a strong.impact.on. the device temperature coefficient. As
a result, the temperature coefficient.of devices can be controlled by regulating the
channel width of the devices. With an appropriate circuit design, a positive
temperature coefficient can be generated by using the voltage drop between devices
those have different temperature coefficients (different channel widths). Then, the
positive temperature coefficient can be used to compensate the negative temperature
coefficient from the devices.

The first voltage reference circuit with temperature compensation has been
successfully verified without any trimming procedure in a 3-um LTPS process. The
measured reference output voltage is 6.87 V with a temperature coefficient of 195
ppm/°C. The proposed voltage reference circuit with temperature compensation
consumes an operating current of only 8.97 pA under the supply voltage of 10 V on
glass substrate. This new voltage reference circuit with temperature compensation can
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be used to realize precise analog circuits in LTPS process for System-on-Glass (SoG)

applications.

4.4. FUTURE WORKS

5.2.1 VOLTAGE REFERENCE CIRCUIT WITH TEMPERATURE AND PSRR
COMPENSATION

For precise analog circuits design, reference voltage variation is the most careful

consideration. Power-supply rejection ratio (PSRR) which is the common indicator

can be expressed as [24]-[27]

AV,
PSRR = —2E (5-1)

DD
where (AVgzer ) and (AVpp) are the output voltage variation and supply voltage
variation individually. To consider about the PSRR of the voltage reference circuit
with temperature compensation, the measurement results are shown in Fig.5.1.
However, as the result shows, the PSRR is pretty high for the proposed voltage
reference circuit with temperature compensation. The critical point is that the
structure for reducing PSRR had not been considered in proposed circuit yet. Hence,
the common reference voltage circuits with temperature compensation for reducing
PSRR are shown in Fig. 5.1. Fig. 5.1(a) makes use of the feedback technology by

using OP amplifier, and the cascade structure is also applied to reduce PSRR.

5.2.2 VOLTAGE REFERENCE CIRCUIT WITH TEMPERATURE COMPENSATION BY

USING DIFFERENT TEMPERATURE COEFFICIENT

From the analysis of TC for LTPS devices in chapter 3, there exist differences

between different devices. Hence, the novel voltage reference circuit with
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temperature compensation which is shown in Fig.5.3 has been proposed by using the
concept of different temperature coefficient. The output Therefore, the output voltage
variation of the new proposed voltage reference circuit with temperature

compensation can be expressed as

R
VREF = I3R2+VD2 = Ezvm"'vow (5-2)

,
where the first item in Eq. (5-2) is proportional to the absolute temperature (PTAT),
which is used to compensate the negative temperature coefficient of Vp,.The concept
to design the positive temperature coefficient is shown in Fig. 5.4. The difference of
TC between different LTPS devices can be designed to the PTAT terms for the

voltage reference circuit with temperature compensation.
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Appendix

A.1. P-I-N DIODE

A.1.1. DEVICE FABRICATION

A PiN diode is a diode with a wide, lightly doped mear' intrinsic semiconductor
region between a p-type semiconductor and an n-type semiconductor region. The
p-type and n-type regions are typically heavily doped because they are used for ohmic
contacts. The wide intrinsic region is in contrast to an ordinary PN diode. The wide
intrinsic region makes the PIN diode an.inferior fectifier (the normal function of a
diode), but it makes the PIN.diode suitable for attenuators, fast switches,
photo-detectors, and high voltage power.electronics applications. The structure of PIN

diode is shown in Fig.A.1. (a)., and tp=t, = 2um.

A.1.2. Measurement Result

First, the measurement of the TC of LTPS PIN diodes with channel width
changing of 50um, 100pm, 150pum, 200pum, and 400pum are performed by changing
the temperature from 25°C to 125°C. Under a constant driving current of 1 pA, the V'p
as a function of temperature is plotted in Fig. A. 2(a). It can be observed that when
temperature increases from 25°C to 125°C, the Vs varies from 1.98 V to 1.65 V. In
the same way, under a constant driving current of 10 wA, the Vp as a function of
temperature is plotted in Fig. A. 2(b). As temperature changes from 25°C to 125°C,
the Vs decreases from 2.23V to 1.5V, significantly. The relationship between channel

width and temperature is not pretty significant for LTPS PIN diodes.
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Fig. A.1. (a)The structure of PIN diode device, and (b) the setup to measure voltage

Vp under the bias of Ip.
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Fig. A.2. (a) The relationship between V', and temperature with the identical
current (Ip = 1pnA) and (b) (Ip = 10pA).
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with the same device dimension of the diode-connected PTFT device.
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