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Thin-Film Transistor and Ultra-Large Scale Integrated Circuit:

Competition or Collaboration
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Thin-film transistor (TFT) and ultra-large scaléegrated circuit (ULSIC) have been compared and
discussed with respect to the development histecyinology trends, and applications. Detailed issue
on materials, processes, and devices in the lagedaT array fabrication and nano-size
metal—-oxide—semiconductor field effect transisttM®OSFETs) composed ULSIC on large wafers
were also examined. The TFT fabrication processee wriginally derived from ULSIC. However,
there are many unique large-area processes andetheeveloped during the study of the TFT array
fabrication, which can greatly benefit the futusege wafer ULSIC production process. Although their
future applications will be in different areas, ihare opportunities that TFTs can be integratéal in
ULSIC products to enhance the functions and perdmaa.
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1. Introduction

Thin film transistor (TFT) is a metal-insulator—-seamductor field-effect transistor (MISFET)
device similar to the metal—-oxide—semiconductor FIOSFET) used in the ultra large scale
integrated circuit (ULSIC). The original MISFET ampt was reported 1925The ULSIC era started
after the first report of the solid state bipoleanisistor in 1947, but the industry grew dramalycal
after the introduction of the MOSFET device in 1986day, most of the ULSIC products are for high
speed, high density logics or memories used in coenp and related products. The first TFT was
reported in 1962 but the TFT liquid crystal disp{&ZD) industry boosted after the disclosure of the
first hydrogenated amorphous silicon (a-Si:H) TRTIB7% The TFT application is focused on one
type of product, i.e., active matrix (AM) LCDs, ladtugh TFTs can be used into many other types of
products, e.g., light emitting diodes (LEDs), etektminescences (ELs), organic LEDs (OLEDS),
field-emission displays (FEDs), and electrophoretiplays®

Figure 1 shows state-of-the-art substrate sizeth®TFT glass and the ULSIC wafer as well as
their basic transistor structures. Each glassvisleld into several display back planes each of kwkic
composed of millions of TFTs and related storagec#ors interconnected with two or three levels of
metal lines. Each wafer is divided into hundredshmusands of dies each of which is composed of
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millions of billions of MOSFETs and related deviceserconnected with more than ten levels of
metal lines. Substrate sizes of the two technotogie very different. Currently, the state-of- #re-
wafer size is 300mm while the glass size is gretagm 2< 2. Therefore, the current state-of-the-art
wafer is smaller than that of the glass substraéslat the beginning of mass production of large-si
a-Si:H TFT arrays in 1998.The next generation wafer size is 450mm which paslicted to be
introduced into production around 2110 althoughetare different opinions on the possible dAte.

The IC industry blossomed with the introductioncoimplimentary MOSFETs (CMOSFETS) to
memories and microprocessors in early 1970s. Thédwiamle ULSIC business was about $230B in
2006. The commercial production of TFT LCDs stameétkly since the report of the first functional
a-Si:H TFT in 1979. The first mass production ofgkxarea TFT LCDs started in 1990 and the
worldwide sale reached over $50B in 2606Figure 2 shows the market value vs. the production
year of the two types of products. For IC, the ¢atarted from 1970 when microprocessors were
mass producell For LC, the count started when 10.4-in. TFT LCDsemmass produced in 1990.7)
In spite of the very small product range of TFTs,,iLCDs only, and the large product range of ICs,
for the first 15 years, the former’s growth ratdaiger than the latter’s rate. However, in thisigub of
time, TFT LCDs are exclusively used for computersirstruments, which are dependent on the
availability of ULSIC chips. Therefore, the curreniccess of the TFT business is to a great extent
contributed by ULSIC products, specifically theipbery drivers.

The substrate size directly influences the produacthroughput and therefore, the cost. Figure 3
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shows changes of the relative substrate size ofTtE glass plate and the ULSIC wafer vs the
production year. The rectangular glass with a diagisize of about 20 in. in 1990 is used as the bas
for the TFT substrate calculation. The round wafith a diameter of 1 in. in 1964 is used as the=bas
for the ULSIC wafer calculation. The largest TFasyg size is around 130 in. todago far, both TFT
and ULSIC productions follow the same trend ofdinacrease of the substrate size with time, ae.,
30% per year. The TFT curve appears to curve uj;hnindicates the possibility of deviating from
the linear relationship in the future.

TFT and ULSIC are silicon based mass productiomrelogies. There are many efforts in
preparing TFTs using non-silicon semiconductorsS€dTFTs have been popular before 1980.
Recently, organic and ZnO TFTs have made majorrpesgs:’® The former has the potential of
being fabricated without using the vacuum technplddpe latter can be prepared by sputtering. These
TFTs can be made into various chemical, photonit] alectrical sensotf¥ Their low process
temperature is also attractive for flexible disglayHowever, compared with a-Si:H and
polycrystalline silicon (poly-Si) TFTs, they aretime development stage and need time to find proper
markets.
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Fig. 3. (Color online) Relative substrate changgdny of LCD and IC.
LCD: 1990 20" TFT LCD glass. IC: 1964 1-in. wafe?

Although a-Si:H and poly-Si TFTs have been succdlgsfised as the pixel driving device in
LCDs, it has been a long term goal for researcteefabricate complicate circuits or novel products
with this technology. The major advantage, whichlg® the biggest challenge, of the TFT technology
is its capability of achieving high performance ide¢ on substrates with low glass transition
temperatures, such as glass or plastics. Recéimése are some new developments in this area, for
example:

- Complete display system on glass. A complete Lgfesn, which includes a 2.2-in. LCD, central
processing unit (CPU), read-only memory (ROM), @ndaccess memory (RAM), graphic controller,
audio circuit, etc. on a 5-in. glass, has been damstnated, as shown in Figs. 4(a) and 4(b).12,13)
Circuits with 11 MHz operation frequency composéd-oand p-type poly-Si TFTs were fabricated
by a solid phase crystallization methHThis is a proof of the feasibility of fabricatingf a
multi-functional system on a commercial glass.

- Panel size drivers. Two types of panel size dsiieave been fabricated based on poly-Si TFTs.
The first type is the integrated driver which ibriaated during the construction of the back panel
TFT array. This type of plate has been demonstraiéid an additional ambient light sensor system
constructed® The second type is the independent row or coluriverd as shown in Fig. 5, which is
fabricated separate from the back plate TFT df?dis kind of driver can be used to drive existing
a-Si:H or poly-Si TFT arrays. Each display requioedy two pieces of drivers, i.e., one for gate and
one for column. Therefore, one piece of the paizel driver can replace several pieces of IC driver
chips. By integrating the peripheral driver ICshwihe TFT fabrication process, the TFT business (at
least poly-Si TFT LCDs) becomes more independenth#® ULSIC because of no necessity of
outsourcing the driver ICS)

- RFIDs. High frequency, e.g., 13.56 MHz, and uhiigh frequency, e.g., 1 GHz, RF circuits have
been fabricated using poly-Si TFTs on flexible audid substrate¥~® These poly-Si TFTs were
fabricated with different methods, e.g., continugtain growth or m-Czochralski methods below 600
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°C 18 These results enable the high performance RFIbwhiwed with flexible antennas.
- Nonvolatile a-Si:H TFT memories. Flash memoriesdendrom poly-Si TFTs with ONO or
floating-gate dielectric structures have been regubin the literature’®>*" However, memories made
from a-Si:H TFTs are rarely reported. Recently, fthating gate a-Si:H TFT has been fabricated into
nonvolatile memories on a glass substrate<®00°C, as shown in Fig. 6(& It has a much larger
hysteresis in transfer characteristics than thevewstional a-Si:H TFT, as shown in Fig. 6¢D).
Memory capacitors based on the similar structureeelso been demonstrateéd. The ability of
including low-temperature prepared memories toltiggc circuit is desirable for both TFT circuits
and ULSICs.

These recent developments raised the question athesh TFT and ULSIC will become

competitive or complimentary technologies in theufa.
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Fig. 6. (Color online) (a) A floating gate a-Si:HFT memory device and
(b) hystereses of a-Si:H TFT with and without thebedded a-Si:H layer
in gate SiNX>®

2. Comparison of Devices, Materials, and Fabrication Processes

In order to compare TFT and ULSIC technologiesjrthasic material, process, and device
properties need to be studied. Table | lists someoitant properties) These properties are closely
related to product performance. For example, stheesarly development stage, the TFT application
was focused on LCD pixel driving. The low temperatglass was the substrate of choice. Therefore,
the fabrication process has to satisfy requiremehiy largearea substrates, 2) low temperatures, a
3) high throughputs. Although most of the TFT fahtion processes were originated from ULSIC
processes, there are many unique problems thabtaensolved directly from existing knowledge.
New phenomena and theories have been developeagdtine developing of the large-area,
lowtemperature TFT production process. Since sofrtheo TFT material and process requirements
are more stringent than those of the ULSIC, them& results can greatly benefit the future large
wafer ULSIC process development. The following soee examples:
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Table 1. Comparison of processes, materials, and devices.'™

ULSIC a-Si:H TFT Poly-Si TF1
Substrate 12-in. Si waler ~2 % 2m? glass < 1x 1m? glass
Minimum gate length 6590 nm 5-10pm 1-2 ym
Minium layer thickness ~1.2 nm gate Si0,, 30-50nm (a-Si:H S50-100nm (poly-Si or gate
~200nm (junction) ornt layer) Si0; laver)
Die size ~1 % (1-2)in.2 = 40-in. diagonal 12-in. diagonal
Maximum process ~1100 350 500 (low Temperature process)
temperature (°C) 1000 (high Temperature process)
Key processes Epi, CVD, sputter, PECVD, RIE, CVD, thermal, sputter, 12,

thermal, 1%, RIE,
CMP, litho, etc.

thermal, sputter,
litho, etc.

oxidation, RIE, litho, laser,
etc.

Materials

Si, SiGe, Si0z,

SiaNy, silicides, Cu,

Al metal mirides,
low-k, high-k, etc.

a-Si:H, pe-SiH, nt,
SiN,, refractory
metals, Cu, Al,
ITO, etc.

Poly-Si, $i0;, refractory
metals, Cu, Al, ITO, ete.

fegr (em? Vs

500

10-200

Structure

Planar transistor,
multi-level
interconnect

Inverted, stagger
transistor, 2-level
interconnect, pixel

Coplanar or staggered
transistor, 2-level
interconnect, pixel

2.1 Large-area PECVD thin films
Plasma-enhanced chemical vapor deposition (PECVD) is the dominafitrthdeposition

method for a-Si:H, np, and SiNx layers. The availability of the ddpie@VvD a-Si:H film is
critical to the successful demonstration of the first a-SiEFr? During the large-area PECVD
SiNx study, a generalized relationship that correlated the plgsmwer to deposition rate,
uniformity, refractive index, stress, and plasma phase paggcieration has been develogéd”
TFT characteristics, e.g., threshold voltage, are correlatedNtodsite dielectric properties, e.g.,
refractive index” The PECVD a-Si:H deposition condition can affect the interfacaposition
of the underneath SiNx gate dielectric through the hydrogen etching meotid The damaged
interface has a large interface density of states, whichréothie threshold voltage and the field
effect mobility. The hydrogen etching mechanism also plays an iamonle in the
microcrystalline (mc) phase formation in mc-SM4The simultaneous deposition-and-etching
mechanism in PECVD is critical to inter-layer dielectgassivation, etc., which are common in

ULSICs.

2.2 Plasma etching processes
Plasma etching in ULSIC is mainly used on low pressure CVD YIP®r sputtered thin

films with a preferred vertical profile. The most common etghdamage is the charge
neutralization caused breakdown of the thin gate dielectric. Platiag is also critical to the
TFT array fabrication. Most of the etched thin films are depbdite PECVD, such as a-Si:H,
SiNx, or np, or sputtering, such as refractory metals. The fohamem high hydrogen content,
which corresponding to a high etch rate but low etch selectivitydast two films. The plasma
chemistry and the ion bombardment energy are both important to thpretess>> Plasma
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etch induced damages in the a-Si:H TFT are mainly from the alawelength light radiation,
which can be repaired by a thermal annealing $téfor the latter, when the gate line is etched, a
sloped profile is necessaty?® These problems are rarely discussed in ULSICs. However, low
thermal budget processes, such as PECVD, are important to nand@BRFET fabrication. In
another case, the high-k gate dielectric contains noncovalent bondsethatbect to plasma
radiation damages. Therefore, the TFT plasma etching resulfsotmetially important to the
future generation ULSIC fabrication.
2.3 Simplified fabrication processes

The dramatic ramp up the large-area TFT array production throughgueatly contributed
by the aggressive reduction of the number of masks, e.g., from 7 sk8 maarly 1990’s to 4 —
5 masks in recent yeat.For the TFT fabrication alone, the minimum number of required masks
is 2%9 These low-mask count processes are accomplished due to the ifiziétion of unique
material, structure, and substrate properties as well as desigins. In addition to lowering the
cost, the product's performance and reliability were not comprdmisbe same trend of
reduction of number of masks in ULSIC fabrication has been explooedexample, methods,
such as self-aligned ion implantation or silicide formation, have lbsed for many years. A
fivemask CMOS process has also been rep8Héthday, it still takes tens of masking steps to
fabricate a complete chip. Therefore, the TFT’s experienceriimizing the number of masks
may be useful to ULSICs.
2.4 Large-area laser processes

Laser crystallization is one of the most critical procésgssin preparing high mobility, low
threshold voltage, and low subthreshold slope poly-Si T#TBlovel laser crystallization
techniques, such as the metal-induced, lateral crystal growth,-iploalsgated, or selective
re-radiation method, have been used to prepare poly-Si thin*filfi_aser processes have been
used in producing poly-Si TFTs on large-area glass substratesdeorcad ULSIC fabrication,
laser has been used in preparing submicron structures, suclingstlié small vias with the
deposited Al or Cu film, shallow junction doping, activation of implanted alizpand formation
of a thin gate oxide layéf-* However, laser processing is rarely used in mass production of
ULSICs probably due to the concern of large-area issues. Thertfer€FT experience in laser
processing may be a great help to the ULSIC production especially on large size wafer
2.5 High-k gate dielectrics

Since the early development of the large-area a-Si:H TFay afiabrication, high-k
dielectrics, such as SiNx, @, HfO,, or AlLOs;, have been used as the gate dielectric
material®®>® Due to its high k value, a physically relative thick filrmdae used to avoid the
shortage between the top (source/drain) and bottom (gate) mastalell as to reduce the gate
current leakage. However, in order to achieve the best devicactdrstics, such as high field
effect mobility, low interface density of states, and the tor@shold voltage, the high-k material
is used as the bulk gate dielectric film with a separatex $iterface layer in contact with
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a-Si:H>**® The interface SiNx layer usually contains nonstoichiometric comiposismooth
interface, low stress, low defect density, 8:*”For sub 65 nm MOSFETs, a high-k material is
required to replace the sub 1.2 nm thick thermal SiO2 gate dieléctreduce the leakage
current, to eliminate the diffusion of dopants to the channel region, amdptove device
reliability.>® However, when the metal oxide high-k film is in direct contadh wie silicon
substrate, under a high temperature thermal annealing condition, & foefective SiOx or
silicate interface layer that lowers the effective digle constant and generates a high interface
state density? 2 This problem could be solved by inserting an artificial interfager of SiO2
or SION®**IThis result is consistent with that of TFT. Furthermore, for rene-devices, the
interface structure and properties are sensitive to the &ibricprocess condition. There is a
general trend of preparing the ultrathin film under the non-equitibthermodynamic condition,
such as the flash or pulsed thermal annealing, plasma exposuresded ¢ films. For
example, our recent result showed that the sub 1 nm equivalent oxikiseesiEOT) high-k
stack was achieved with a proper interface layer structepaped under a tight annealing
condition® Since most a-Si:H TFT processes are done at low temperaanksunder
thermodynamically non-equilibrium conditions, the experience would é&felusr the nano-size
device fabrication on large-size wafers.
2.6 Transistor structures

The structure of a transistor influences the device performanodugirreliability, and
production throughput. For example, for the a-Si:H TFT, the inverted sebgtucture gives
better mobility, threshold voltage and current on/off ration. For the ioT FT, the conventional
coplanar structure shows a high leakage current and serious kink and hot carrier dffextghA
grain boundary hydrogenation can be used to solve the problem, altered transistoestrsiath
as the multiple gate, offset gate, field-induced drain, double gatedbch@nnel, or vertical
channel, are also effecti¥®. Many of these new structures also showed improved transistor
characteristics, such as a large on current, due to the increlaredel width/length ratio.
Recently, the aggressive shrinking of the channel length of the MD$fposes a great
challenge to the lithography area. While it takes a long time tdajetlee manufacturable sub
50 nm lithography equipment and process, new transistor structuressghehRnFET and dual
gate, have also been propo8e¥ Some of the MESFET structures are similar to the above
poly-Si structures.

Previously, it was discussed that the throughput of the TFT production could be increased by

reducing process steps, such as using new transistor structuresafmle, the a-Si:H TFT can
be fabricated with only two mask®.In another case, the complete a-Si:H TFT array with the
storage capacitor could be fabricated with 4 — 5 masks.39) Even tiketo@MOSFETSs can be
fabricated with five masking stef8.Therefore, TFT and ULSIC experiences in using new
transistor structures to improve device performance or productiongtipat can benefit each
other.
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3. Future Applications and Collaborations

Since MOSFETs approaching the nano size, the ULSIC chip will eagnicontain giga
number of transistors operated in the tera-hertz frequency. Théshigvable due to the
near-perfect single crystal wafer substrate as well emgsyof advancements in fabrication
processes and understanding of device physics. Although the singlereléevice has been
demonstrated”’” the physical limitation of the MOSFET size, e.g., the channellehgis not
been determined. Additionally, there are constant efforts inimgeaptical devices based on the
silicon technology. The recent demonstration of light emission fronmahecrystalline silicon
embedded SiO?"?expanded ULSIC to optical memories and possible interconnects.

The major advantage of the a-Si:H TFT is its low process tetoperavhich removes many
limits on the substrate material and size. Its structures @n@asing materials are easy to alter
to satisfy application needs. The a-Si:H TFT can be connectediy organic or inorganic
materials or devices. The product’'s sensing function may be fumhaneed with the low- or
high-speed TFT circuit, which is an unexplored area with much poteS&glarately, the
lowtemperature a-Si:H TFT nonvolatile memories have been derattf’ Therefore, in spite
of its low mobility, the a-Si:H TFT can be used to drive or torafgeas a chemical, electrical,
biological, and optical senstr’>8Y

Although the field effect mobility of the individual poly-Si TFT can & high as or even
higher than that of a MOSFE?®,the current poly-TFT circuit speed is usually slower than that of
the ULSIC, e.g., <GHz vs >GH?Z. However, the former is fabricated on the low-cost glass
substrate at a medium temperature, e.g.,’65Which has advantages of the low production cost
and the large product size. In principle, the poly-Si TFT circuitbmafabricated on a flexible
substrate using a low-temperature process. The poly-Si TFTpecially useful in driving
devices that require a large current, such as the organi®®Eply-Si TFT characteristics are
often controlled by the bulk grain quality and grain boundary defect s&ites it is difficult to
control the number and location of grain boundaries in the channel regioariesatea array,
the reliability of the nano-size poly-Si TFT is a major concéihere are several methods being
proposed to selectively forming the channel region within the singje main®*?® which are
potential solutions for the problem. However, in addition to furtheror®the grain quality, the
transistor structure, channel location, and circuit layout need to leizgrfi”’ before the poly-Si
TFT circuit can compete with the ULSIC in speed.

Although TFT and ULSIC applications are expected to expand in diffareas, there are
overlapped areas, as shown in Fig. 7. Different technologies may beatetkinto the same
product. An example is the three-dimensional (3D) “smart chipigiesas shown in Fig. 8. The
front end process of the ULSIC can be fabricated with the convehfivoeess. Then, the
high-speed poly-Si TFTs can be constructed above it using the higkrore or laser
crystallization process. Subsequently, the slower poly-Si TFToedabricated away from the
wafer with a lowtemperature process, such as, the metal-inducgdllcrgtion. Furthermore, the
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floating gate a-Si:H TFT nonvolatile memories can then be cotestiuear the top layer of the
interconnect structure at a temperature lower then the tyipteatonnect process temperature.
Finally, a-Si:H based sensors can be added on top of the chip todteteges of light, humidity,
etc. Signals of environmental changes can be fed to the 3D divcadjust it functions, e.g.,
speed, memory, or energy consumption. The a-Si:H pin diode has beeatéabon top of an
ASIC as the photo sensBtHowever, the split-gate a-Si:H TFT can also be used as a photo
sensor, which does not require the low dopant efficiency pp thin film iiepostep’™ In
addition, special materials or structures of the a-Si:H TFA bba used to detect other
environmental parameters, such as the pH value in a solution @rtip®eents in a gas stream.
Since the source, drain, and gate electrodes of all these TRT®ecanade of the same
interconnect metal of the ULSIC, only a couple of extra maskeeqgrered to complete the TFT.
In principle, this kind of conceptual chip can be constructed withuhemt process technology.
However, for the actual operation, issues, such as process colitpatitiability, and heat
dissipation, need to be investigated in detail.
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|' Low temperature,
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Ex. Driver integrated displays, sensors, etc.

Fig. 7. (Color online) TFT and ULSIC applicatioreas.

4, Summary

TFT and ULSIC are originated from the same concept. They bothblegvedeveloped into
gigantic industries with separate markets. Originally, TFTi¢akion processes were derived
from ULSIC processes. However, due to its unique temperature andagibsquirements, new
knowledge on process chemistry and physics has been obtained, wpathrisally important
for the production of future nanodimension MOSFETSs in large-size wdfeithis paper, the
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author compared and discussed the a-Si:H TFT, poly-Si TFT, and UteSl®ologies with
respect to materials, processes, and devices. In the long tieimmain applications will be in
different fields due to different strengths and restrictions. Hewew certain areas, these
technologies may be integrated into one product such as the 3D “smart chip”.

N

a-Si:H TFT phototransistors,
environmental sensors, etc.

a-Si:H TFT or capacitér
nonvolatile memories

Poly-Si TFT

compatibility, '—H ==
reliability, —

heat dissipation

3D IC including TFTs in the interconnect structure of ULSIC.

Fig. 8. (Color online) A conceptual 3D “smart chip” including ULSIC, p&i TFTs,
a-Si:H TFT memories, and sensors.
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