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Thin-film transistor (TFT) and ultra-large scale integrated circuit (ULSIC) have been compared and 

discussed with respect to the development history, technology trends, and applications. Detailed issues 

on materials, processes, and devices in the largearea TFT array fabrication and nano-size 

metal–oxide–semiconductor field effect transistors (MOSFETs) composed ULSIC on large wafers 

were also examined. The TFT fabrication processes were originally derived from ULSIC. However, 

there are many unique large-area processes and theories developed during the study of the TFT array 

fabrication, which can greatly benefit the future large wafer ULSIC production process. Although their 

future applications will be in different areas, there are opportunities that TFTs can be integrated into 

ULSIC products to enhance the functions and performance. 
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1. Introduction 

Thin film transistor (TFT) is a metal–insulator–semiconductor field-effect transistor (MISFET) 

device similar to the metal–oxide–semiconductor FET (MOSFET) used in the ultra large scale 

integrated circuit (ULSIC). The original MISFET concept was reported 1925.1) The ULSIC era started 

after the first report of the solid state bipolar transistor in 1947, but the industry grew dramatically 

after the introduction of the MOSFET device in 1960. Today, most of the ULSIC products are for high 

speed, high density logics or memories used in computers and related products. The first TFT was 

reported in 1962 but the TFT liquid crystal display (LCD) industry boosted after the disclosure of the 

first hydrogenated amorphous silicon (a-Si:H) TFT in 1979.2) The TFT application is focused on one 

type of product, i.e., active matrix (AM) LCDs, although TFTs can be used into many other types of 

products, e.g., light emitting diodes (LEDs), electroluminescences (ELs), organic LEDs (OLEDs), 

field-emission displays (FEDs), and electrophoretic displays.3) 

Figure 1 shows state-of-the-art substrate sizes for the TFT glass and the ULSIC wafer as well as 

their basic transistor structures. Each glass is divided into several display back planes each of which is 

composed of millions of TFTs and related storage capacitors interconnected with two or three levels of 

metal lines. Each wafer is divided into hundreds or thousands of dies each of which is composed of 
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millions of billions of MOSFETs and related devices interconnected with more than ten levels of 

metal lines. Substrate sizes of the two technologies are very different. Currently, the state-of- the-art 

wafer size is 300mm while the glass size is greater than 2×2m2. Therefore, the current state-of-the-art 

wafer is smaller than that of the glass substrate used at the beginning of mass production of large-size 

a-Si:H TFT arrays in 1990.4) The next generation wafer size is 450mm which was predicted to be 

introduced into production around 2110 although there are different opinions on the possible date.5) 

The IC industry blossomed with the introduction of complimentary MOSFETs (CMOSFETs) to 

memories and microprocessors in early 1970s. The worldwide ULSIC business was about $230B in 

2006. The commercial production of TFT LCDs started quickly since the report of the first functional 

a-Si:H TFT in 1979. The first mass production of large-area TFT LCDs started in 1990 and the 

worldwide sale reached over $50B in 2006.6,7) Figure 2 shows the market value vs. the production 

year of the two types of products. For IC, the count started from 1970 when microprocessors were 

mass produced.6) For LC, the count started when 10.4-in. TFT LCDs were mass produced in 1990.7) 

In spite of the very small product range of TFTs, i.e., LCDs only, and the large product range of ICs, 

for the first 15 years, the former’s growth rate is larger than the latter’s rate. However, in this period of 

time, TFT LCDs are exclusively used for computers or instruments, which are dependent on the 

availability of ULSIC chips. Therefore, the current success of the TFT business is to a great extent 

contributed by ULSIC products, specifically the periphery drivers. 

The substrate size directly influences the production throughput and therefore, the cost. Figure 3 

shows changes of the relative substrate size of the TFT glass plate and the ULSIC wafer vs the 

production year. The rectangular glass with a diagonal size of about 20 in. in 1990 is used as the base 

for the TFT substrate calculation. The round wafer with a diameter of 1 in. in 1964 is used as the base 

for the ULSIC wafer calculation. The largest TFT glass size is around 130 in. today.8) So far, both TFT 

and ULSIC productions follow the same trend of linear increase of the substrate size with time, i.e., at 

30% per year. The TFT curve appears to curve up, which indicates the possibility of deviating from 

the linear relationship in the future. 

TFT and ULSIC are silicon based mass production technologies. There are many efforts in 

preparing TFTs using non-silicon semiconductors. CdSe TFTs have been popular before 1980. 

Recently, organic and ZnO TFTs have made major progresses.9,10) The former has the potential of 

being fabricated without using the vacuum technology. The latter can be prepared by sputtering. These 

TFTs can be made into various chemical, photonic, and electrical sensors.11) Their low process 

temperature is also attractive for flexible displays. However, compared with a-Si:H and 

polycrystalline silicon (poly-Si) TFTs, they are in the development stage and need time to find proper 

markets. 
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Fig. 1. (Color online) TFT and ULSIC substrates and transistor structures. 

 

 

Fig. 2. (Color online) Worldwide sales history of LCD and IC. LCD: 

1990 large-area TFT LCD production. IC: 1970 microprocessor.6,7) 
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Fig. 3. (Color online) Relative substrate change history of LCD and IC. 

LCD: 1990 20’’ TFT LCD glass. IC: 1964 1-in. wafer.5,8) 

 

Although a-Si:H and poly-Si TFTs have been successfully used as the pixel driving device in 

LCDs, it has been a long term goal for researchers to fabricate complicate circuits or novel products 

with this technology. The major advantage, which is also the biggest challenge, of the TFT technology 

is its capability of achieving high performance devices on substrates with low glass transition 

temperatures, such as glass or plastics. Recently, there are some new developments in this area, for 

example: – Complete display system on glass. A complete LCD system, which includes a 2.2-in. LCD, central 

processing unit (CPU), read-only memory (ROM), random access memory (RAM), graphic controller, 

audio circuit, etc. on a 5-in. glass, has been demonstrated, as shown in Figs. 4(a) and 4(b).12,13) 

Circuits with 11 MHz operation frequency composed of n- and p-type poly-Si TFTs were fabricated 

by a solid phase crystallization method.13) This is a proof of the feasibility of fabricating of a 

multi-functional system on a commercial glass. – Panel size drivers. Two types of panel size drivers have been fabricated based on poly-Si TFTs. 

The first type is the integrated driver which is fabricated during the construction of the back panel 

TFT array. This type of plate has been demonstrated with an additional ambient light sensor system 

constructed.13) The second type is the independent row or column driver, as shown in Fig. 5, which is 

fabricated separate from the back plate TFT array.14) This kind of driver can be used to drive existing 

a-Si:H or poly-Si TFT arrays. Each display requires only two pieces of drivers, i.e., one for gate and 

one for column. Therefore, one piece of the panel size driver can replace several pieces of IC driver 

chips. By integrating the peripheral driver ICs with the TFT fabrication process, the TFT business (at 

least poly-Si TFT LCDs) becomes more independent to the ULSIC because of no necessity of 

outsourcing the driver ICs.15) – RFIDs. High frequency, e.g., 13.56 MHz, and ultra high frequency, e.g., 1 GHz, RF circuits have 

been fabricated using poly-Si TFTs on flexible and solid substrates.16–18) These poly-Si TFTs were 

fabricated with different methods, e.g., continuous grain growth or m-Czochralski methods below 600 
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oC.16–18) These results enable the high performance RFIDs combined with flexible antennas. – Nonvolatile a-Si:H TFT memories. Flash memories made from poly-Si TFTs with ONO or 

floating-gate dielectric structures have been reported in the literature. 19–21) However, memories made 

from a-Si:H TFTs are rarely reported. Recently, the floating gate a-Si:H TFT has been fabricated into 

nonvolatile memories on a glass substrate at ≤300 oC, as shown in Fig. 6(a).22) It has a much larger 

hysteresis in transfer characteristics than the conventional a-Si:H TFT, as shown in Fig. 6(b).23) 

Memory capacitors based on the similar structure have also been demonstrated. 24) The ability of 

including low-temperature prepared memories to the logic circuit is desirable for both TFT circuits 

and ULSICs. 

These recent developments raised the question on whether TFT and ULSIC will become 

competitive or complimentary technologies in the future.  

  

Fig. 4. (Color online) A fully functional LCD system on glass.12,13) 

 

 

Fig. 5. (Color online) A panel size column driver.14) 
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Fig. 6. (Color online) (a) A floating gate a-Si:H TFT memory device and 

(b) hystereses of a-Si:H TFT with and without the embedded a-Si:H layer 

in gate SiNx.15,16) 

 

2. Comparison of Devices, Materials, and Fabrication Processes 

In order to compare TFT and ULSIC technologies, their basic material, process, and device 

properties need to be studied. Table I lists some important properties.25) These properties are closely 

related to product performance. For example, since the early development stage, the TFT application 

was focused on LCD pixel driving. The low temperature glass was the substrate of choice. Therefore, 

the fabrication process has to satisfy requirements of 1) largearea substrates, 2) low temperatures, and 

3) high throughputs. Although most of the TFT fabrication processes were originated from ULSIC 

processes, there are many unique problems that cannot be solved directly from existing knowledge. 

New phenomena and theories have been developed during the developing of the large-area, 

lowtemperature TFT production process. Since some of the TFT material and process requirements 

are more stringent than those of the ULSIC, these new results can greatly benefit the future large 

wafer ULSIC process development. The following are some examples: 



                         

 www.coeic.cn -110-  

 
2.1 Large-area PECVD thin films 

Plasma-enhanced chemical vapor deposition (PECVD) is the dominant thin film deposition 

method for a-Si:H, nþ, and SiNx layers. The availability of the doped PECVD a-Si:H film is 

critical to the successful demonstration of the first a-Si:H TFT.26) During the large-area PECVD 

SiNx study, a generalized relationship that correlated the plasma power to deposition rate, 

uniformity, refractive index, stress, and plasma phase particle generation has been developed.27–29) 

TFT characteristics, e.g., threshold voltage, are correlated to SiNx gate dielectric properties, e.g., 

refractive index.30) The PECVD a-Si:H deposition condition can affect the interface composition 

of the underneath SiNx gate dielectric through the hydrogen etching mechanism.31) The damaged 

interface has a large interface density of states, which lowers the threshold voltage and the field 

effect mobility. The hydrogen etching mechanism also plays an important role in the 

microcrystalline (mc) phase formation in mc-Si:H.32) The simultaneous deposition-and-etching 

mechanism in PECVD is critical to inter-layer dielectric, passivation, etc., which are common in 

ULSICs. 

2.2 Plasma etching processes 

Plasma etching in ULSIC is mainly used on low pressure CVD (LPCVD) or sputtered thin 

films with a preferred vertical profile. The most common etching damage is the charge 

neutralization caused breakdown of the thin gate dielectric. Plasma etching is also critical to the 

TFT array fabrication. Most of the etched thin films are deposited by PECVD, such as a-Si:H, 

SiNx, or nþ, or sputtering, such as refractory metals. The former has a high hydrogen content, 

which corresponding to a high etch rate but low etch selectivity between two films. The plasma 

chemistry and the ion bombardment energy are both important to the etch process.33–35) Plasma 
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etch induced damages in the a-Si:H TFT are mainly from the short wavelength light radiation, 

which can be repaired by a thermal annealing step.36) For the latter, when the gate line is etched, a 

sloped profile is necessary.37,38) These problems are rarely discussed in ULSICs. However, low 

thermal budget processes, such as PECVD, are important to nano-size MOSFET fabrication. In 

another case, the high-k gate dielectric contains noncovalent bonds that are subject to plasma 

radiation damages. Therefore, the TFT plasma etching results are potentially important to the 

future generation ULSIC fabrication. 

2.3 Simplified fabrication processes 

The dramatic ramp up the large-area TFT array production throughput is greatly contributed 

by the aggressive reduction of the number of masks, e.g., from 7 – 8 masks in early 1990’s to 4 – 

5 masks in recent years.39) For the TFT fabrication alone, the minimum number of required masks 

is 2.40) These low-mask count processes are accomplished due to the fully utilization of unique 

material, structure, and substrate properties as well as novel designs. In addition to lowering the 

cost, the product’s performance and reliability were not compromised. The same trend of 

reduction of number of masks in ULSIC fabrication has been explored. For example, methods, 

such as self-aligned ion implantation or silicide formation, have been used for many years. A 

fivemask CMOS process has also been reported.41) Today, it still takes tens of masking steps to 

fabricate a complete chip. Therefore, the TFT’s experience in minimizing the number of masks 

may be useful to ULSICs. 

2.4 Large-area laser processes 

Laser crystallization is one of the most critical process steps in preparing high mobility, low 

threshold voltage, and low subthreshold slope poly-Si TFTs.42) Novel laser crystallization 

techniques, such as the metal-induced, lateral crystal growth, phase-modulated, or selective 

re-radiation method, have been used to prepare poly-Si thin films.43–46) Laser processes have been 

used in producing poly-Si TFTs on large-area glass substrates. For advanced ULSIC fabrication, 

laser has been used in preparing submicron structures, such as filling the small vias with the 

deposited Al or Cu film, shallow junction doping, activation of implanted dopants, and formation 

of a thin gate oxide layer.47–49) However, laser processing is rarely used in mass production of 

ULSICs probably due to the concern of large-area issues. Therefore, the TFT experience in laser 

processing may be a great help to the ULSIC production especially on large size wafers. 

2.5 High-k gate dielectrics 

Since the early development of the large-area a-Si:H TFT array fabrication, high-k 

dielectrics, such as SiNx, Ta2O5, HfO2, or Al2O3, have been used as the gate dielectric 

material.50–53) Due to its high k value, a physically relative thick film can be used to avoid the 

shortage between the top (source/drain) and bottom (gate) metals as well as to reduce the gate 

current leakage. However, in order to achieve the best device characteristics, such as high field 

effect mobility, low interface density of states, and the low threshold voltage, the high-k material 

is used as the bulk gate dielectric film with a separate SiNx interface layer in contact with 
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a-Si:H.54,55) The interface SiNx layer usually contains nonstoichiometric composition, smooth 

interface, low stress, low defect density, etc.30,56,57) For sub 65 nm MOSFETs, a high-k material is 

required to replace the sub 1.2 nm thick thermal SiO2 gate dielectric to reduce the leakage 

current, to eliminate the diffusion of dopants to the channel region, and to improve device 

reliability.58) However, when the metal oxide high-k film is in direct contact with the silicon 

substrate, under a high temperature thermal annealing condition, it forms a defective SiOx or 

silicate interface layer that lowers the effective dielectric constant and generates a high interface 

state density.59–62) This problem could be solved by inserting an artificial interface layer of SiO2 

or SiON.63,64) This result is consistent with that of TFT. Furthermore, for nano-size devices, the 

interface structure and properties are sensitive to the fabrication process condition. There is a 

general trend of preparing the ultrathin film under the non-equilibrium thermodynamic condition, 

such as the flash or pulsed thermal annealing, plasma exposures, or graded thin films. For 

example, our recent result showed that the sub 1 nm equivalent oxide thickness (EOT) high-k 

stack was achieved with a proper interface layer structure prepared under a tight annealing 

condition.65) Since most a-Si:H TFT processes are done at low temperatures and under 

thermodynamically non-equilibrium conditions, the experience would be useful for the nano-size 

device fabrication on large-size wafers. 

2.6 Transistor structures 

The structure of a transistor influences the device performance, product reliability, and 

production throughput. For example, for the a-Si:H TFT, the inverted staggered structure gives 

better mobility, threshold voltage and current on/off ration. For the poly-Si TFT, the conventional 

coplanar structure shows a high leakage current and serious kink and hot carrier effects. Although 

grain boundary hydrogenation can be used to solve the problem, altered transistor structures, such 

as the multiple gate, offset gate, field-induced drain, double gate, buried channel, or vertical 

channel, are also effective.66) Many of these new structures also showed improved transistor 

characteristics, such as a large on current, due to the increased channel width/length ratio. 

Recently, the aggressive shrinking of the channel length of the MOSFET imposes a great 

challenge to the lithography area. While it takes a long time to develop the manufacturable sub 

50 nm lithography equipment and process, new transistor structures, such as the FinFET and dual 

gate, have also been proposed.67,68) 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 structures. For example, the a-Si:H TFT can 

be fabricated with only two masks.40) In another case, the complete a-Si:H TFT array with the 

storage capacitor could be fabricated with 4 – 5 masks.39) Even the complete CMOSFETs can be 

fabricated with five masking steps.41) Therefore, TFT and ULSIC experiences in using new 

transistor structures to improve device performance or production throughput can benefit each 

other. 
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3. Future Applications and Collaborations 

Since MOSFETs approaching the nano size, the ULSIC chip will eventually contain giga 

number of transistors operated in the tera-hertz frequency. This is achievable due to the 

near-perfect single crystal wafer substrate as well as years of advancements in fabrication 

processes and understanding of device physics. Although the single electron device has been 

demonstrated,69,70) the physical limitation of the MOSFET size, e.g., the channel length, has not 

been determined. Additionally, there are constant efforts in creating optical devices based on the 

silicon technology. The recent demonstration of light emission from the nanocrystalline silicon 

embedded SiO2 71,72) expanded ULSIC to optical memories and possible interconnects. 

The major advantage of the a-Si:H TFT is its low process temperature, which removes many 

limits on the substrate material and size. Its structures and composing materials are easy to alter 

to satisfy application needs. The a-Si:H TFT can be connected to many organic or inorganic 

materials or devices. The product’s sensing function may be further enhanced with the low- or 

high-speed TFT circuit, which is an unexplored area with much potential. Separately, the 

lowtemperature a-Si:H TFT nonvolatile memories have been demonstrated.24) Therefore, in spite 

of its low mobility, the a-Si:H TFT can be used to drive or to operate as a chemical, electrical, 

biological, and optical sensor.11,73–81) 

Although the field effect mobility of the individual poly-Si TFT can be as high as or even 

higher than that of a MOSFET,82) the current poly-TFT circuit speed is usually slower than that of 

the ULSIC, e.g., <GHz vs >GHz.14) However, the former is fabricated on the low-cost glass 

substrate at a medium temperature, e.g., 550 oC, which has advantages of the low production cost 

and the large product size. In principle, the poly-Si TFT circuit can be fabricated on a flexible 

substrate using a low-temperature process. The poly-Si TFT is especially useful in driving 

devices that require a large current, such as the organic LED.83) Poly-Si TFT characteristics are 

often controlled by the bulk grain quality and grain boundary defect states. Since it is difficult to 

control the number and location of grain boundaries in the channel region in a large-area array, 

the reliability of the nano-size poly-Si TFT is a major concern. There are several methods being 

proposed to selectively forming the channel region within the single large grain,84–86) which are 

potential solutions for the problem. However, in addition to further improve the grain quality, the 

transistor structure, channel location, and circuit layout need to be optimized87) before the poly-Si 

TFT circuit can compete with the ULSIC in speed. 

Although TFT and ULSIC applications are expected to expand in different areas, there are 

overlapped areas, as shown in Fig. 7. Different technologies may be integrated into the same 

product. An example is the three-dimensional (3D) ‘‘smart chip’’ design, as shown in Fig. 8. The 

front end process of the ULSIC can be fabricated with the conventional process. Then, the 

high-speed poly-Si TFTs can be constructed above it using the high-temperature or laser 

crystallization process. Subsequently, the slower poly-Si TFTs can be fabricated away from the 

wafer with a lowtemperature process, such as, the metal-induced crystallization. Furthermore, the 



                         

 www.coeic.cn -114-  

floating gate a-Si:H TFT nonvolatile memories can then be constructed near the top layer of the 

interconnect structure at a temperature lower then the typical interconnect process temperature. 

Finally, a-Si:H based sensors can be added on top of the chip to detect changes of light, humidity, 

etc. Signals of environmental changes can be fed to the 3D circuit to adjust it functions, e.g., 

speed, memory, or energy consumption. The a-Si:H pin diode has been fabricated on top of an 

ASIC as the photo sensor.88) However, the split-gate a-Si:H TFT can also be used as a photo 

sensor, which does not require the low dopant efficiency pþ thin film deposition step.75) In 

addition, special materials or structures of the a-Si:H TFT can be used to detect other 

environmental parameters, such as the pH value in a solution or the components in a gas stream. 

Since the source, drain, and gate electrodes of all these TFTs can be made of the same 

interconnect metal of the ULSIC, only a couple of extra masks are required to complete the TFT. 

In principle, this kind of conceptual chip can be constructed with the current process technology. 

However, for the actual operation, issues, such as process compatibility, reliability, and heat 

dissipation, need to be investigated in detail. 

 
Fig. 7. (Color online) TFT and ULSIC application areas. 

 

4. Summary 

TFT and ULSIC are originated from the same concept. They both have been developed into 

gigantic industries with separate markets. Originally, TFT fabrication processes were derived 

from ULSIC processes. However, due to its unique temperature and substrate requirements, new 

knowledge on process chemistry and physics has been obtained, which is potentially important 

for the production of future nanodimension MOSFETs in large-size wafers. In this paper, the 
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author compared and discussed the a-Si:H TFT, poly-Si TFT, and ULSIC technologies with 

respect to materials, processes, and devices. In the long term, their main applications will be in 

different fields due to different strengths and restrictions. However, in certain areas, these 

technologies may be integrated into one product such as the 3D ‘‘smart chip’’.  

 
Fig. 8. (Color online) A conceptual 3D ‘‘smart chip’’ including ULSIC, poly-Si TFTs, 

a-Si:H TFT memories, and sensors. 
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