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Abstract
In this paper we describe solutions to address critical 

challenges in direct fabrication of amorphous silicon 
thin film transistor (TFTs) arrays for active matrix 

flexible displays. For all flexible substrates a 
manufacturable handling protocol in automated display-

scale equipment is required.  For metal foil substrates 
the principal challenges are planarization and electrical 

isolation, and management of stress (CTE mismatch) 
during TFT fabrication.  For plastic substrates the 

principal challenge is dimensional instability 
management.

1. Introduction

Flexible displays promise to usher in a new era of 

revolutionary and powerful anytime – anywhere 

information sharing.  To enable this revolution, cost-

effective manufacturing strategies, protocols and 

processes must be developed.  The mission of the 

Flexible Display Center (FDC) is to dramatically 

accelerate the commercialization of advanced high 

information content flexible display technologies.  In 

this context, we are seeking solutions that create a 

robust flexible display manufacturing supply chain 

and that can readily and effectively leverage the 

tremendous historical investment in amorphous 

silicon (a-Si:H) thin film transistor (TFT) 

manufacturing infrastructure for commercial glass-

based flat panel displays.       

2. Experimental Approach and Results 

Flexible Substrate Handling Protocol To enable 

high quality TFT arrays to be directly fabricated on 

flexible substrates in automated manufacturing tools 

that are built to process rigid glass substrates, the FDC 

developed a temporary bonding / de-bonding 

approach (1). In this handling protocol a flexible 

substrate is temporarily adhered to a rigid carrier plate 

with a releasable adhesive, and the carrier-adhesive-

substrate system is then processed using standard 

automated TFT fabrication tools. The rigid carrier 

gives the structural support and suppresses 

deformation of the flexible substrate during 

processing.  Following full TFT array fabrication the 

flexible substrate is released from the carrier through 

any of a number of triggered release mechanisms 

including mechanical, solvent, ultraviolet light or 

thermal release processes. 

Alternative handling and fabrication approaches 

developed elsewhere include a coat – laser release 

process and a layer transfer process.  In the coat – 

laser release process a thin polymer layer is cast from 

solution (typically polyimide spin-coating), followed 

by microelectronics fabrication and backside excimer 

laser-induced release by melting/ablation of the 

polyimide at the glass-polymer interface (2,3). 

Philips has developed a version of this process known 

as EPLaR™ (electronics on plastic by laser release) to 

produce TFT arrays for reflective flexible displays 

(4,5).   In the layer transfer process, TFT arrays are 

fabricated directly on glass and then laser-released and 

transferred to a flexible substrate.  Seiko-Epson has 

pioneered this approach to produce poly-silicon TFT 

arrays with a process they have trademarked as 

SUFTLA™ (Surface Free Technology by Laser 

Annealing/Ablation) (6,7). Each of the three 

processes has unique inherent advantages and 

limitations, and all are likely to move forward to 

flexible electronics and flexible display manufacturing 

in the near future. 
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The FDC temporary bonding protocol required 

simultaneous development of new custom carriers and 

temporary adhesive materials, adapted manufacturing 

toolsets for automated bonding and debonding, and 

development of new robust processes and handling 

protocols.  A key to successful demonstration of this 

technology was a systems-level methodology that 

considered the fundamental thermo-mechanical

interactions of the substrate carrier – adhesive – 

substrate – planarization layer system.  A second key 

was the development of custom high performance 

temporary adhesives tailored for our substrates and 

process temperatures (SEE next sections) by National 

Starch through a USDC-funded program. 

The most significant issue encountered with this 

approach is the stress that is developed during the 

bonding-debonding processes as well as during the 

TFT direct fabrication process steps.  These steps 

typically employ high temperature processing, which 

exacerbate the thermal property mismatches between 

the carrier, adhesive, and flexible substrate.  These 

thermal property mismatches lead to bowing (changes 

in radius of curvature) of the carrier system during 

thermal processing and this bowing can lead to wafer 

handling problems in processing equipment or 

delamination of the flexible substrate from the rigid 

carrier.  In our work different carriers, flexible 

substrates, and adhesives were evaluated to study the 

thermal mismatches and subsequent bowing of 

various systems.  Our proprietary carrier showed a 

significant decrease in bonded system bow as 

compared to systems bonded with a conventional 

silicon carrier.  These lower bow values were a result 

of a lower coefficient of thermal expansion (CTE) 

mismatch between our carrier and various substrates 

as compared to silicon.  In addition to a lower CTE 

mismatch with our carrier, the bow of systems bonded 

to our carrier was further reduced due to a higher 

Young’s modulus as compared to silicon. 

Properties of the adhesives used to bond the 

flexible substrate to the rigid carrier were found to 

have a significant affect on the bow of the bonded 

system.  Adhesives with increased content of high 

molecular weight polymer were found to give a 

greater increase in the bow of the system. For cross-

linkable adhesive systems, the effect of crosslink 

density was investigated on the bow of the wafer.  In 

summary the properties of the rigid carrier, flexible 

substrate, and adhesive must all be considered in the 

selection of a bonded flexible substrate system. 

Flexible Substrates and Issues Candidate flexible 

substrates that could be employed in a bond-debond 

handling protocol include a number of plastic films 

and metal (primarily stainless steel) foils.  Principal 

issues to be addressed with direct fabrication on 

stainless steel (SS) substrates were surface roughness 

and CTE management in process.  To minimize the 

CTE issues we selected a low CTE Type 430 SS 

substrate as our preferred SS substrate.  For SS 

roughness we sought a planarization solution over a 

polishing solution, since we deemed polishing to be 

too high cost from a manufacturing perspective.  For 

planarization and electrical passivation, a new spin-on 

“planar thermally-stable” (PTS) thin film material 

from FDC partner Honeywell Electronic Materials 

(HEM) was employed.  Based on AFM analysis, the 

planarization layer was capable of reducing root-

mean-square roughness from 24.5 nm as received to 

2.9 nm, and the peak-to-valley roughness from 230 

nm to 20 nm.  With a 100 m thick low CTE SS 

substrate and a 2.0 m HEM planarization layer, 

greater than 99.9% TFT yield over a 320x240 3.8-in. 

diagonal TFT array can be achieved.  The most 

severe defects are shorts to the substrate, indicating a 

need to continue to further improve the base material 

and the planarization layer and process for a fully-

manufacturable material and process. 

For plastic substrates the two principal issues to 

be addressed were dimensional stability, in this case 

run-out, due to induced stress from deposited films, 

and surface roughness.   In the context of these 

intrinsic plastic materials limitations, the FDC 

selected heat-stabilized PEN (HS-PEN) from DuPont

Teijin Films (DTF) as the preferred low temperature 

transparent polymer substrate because of its relatively 

good dimensional stability and good surface 

properties.  This selection limited the maximum a-

Si:H TFT fabrication process temperature to 180 °C. 

We worked with DTF to screen a number of 

planarization layer candidates and down-selected to 

the preferred option; DTF now provides their PEN in 

a form with an integrated planarization layer (known 

as Planarised PEN™), which is now the FDC-

preferred plastic substrate.  Through a combination 

of process modifications implemented by the FDC, 

careful design of the custom temporary adhesive, and 

materials improvements achieved by DTF, we were 

able to reduce the maximum distortion to essentially a 

negligible value (less than 10 ppm) for all process 

steps.  This distortion level readily enables good 

layer registration over a 3.8-in. diagonal TFT array 

(105 ppi) and greater than 99.9% functional TFT yield 

within the array. 
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TFT Fabrication and Performance Inverted 

staggered trilayer a-Si:H TFTs were employed in this 

work (1).  The maximum process temperature was 

180 °C, which occurred during plasma enhanced 

chemical vapor deposition (PECVD) of the silicon 

nitride gate dielectric, a-Si:H semiconductor channel, 

and n+ a-Si:H contact layers.  In the fabrication 

sequence a 300 nm thick silicon nitride (SiN:H) 

passivation layer was first deposited by PECVD, and 

a molybdenum film was then deposited by DC 

sputtering for gate bus lines.  A 300 nm thick SiN:H 

film, an 80 nm a-Si:H film and a 100 nm SiN:H film 

were deposited consecutively by PECVD.  

Following formation of a-Si:H islands, a 100 nm thick 

SiN:H layer was deposited to passivate the a-Si:H 

sidewall, and vias to the backside of the a-Si channel 

were wet etched. The data lines and contacts were 

formed by PECVD deposition and patterning of n+

doped a-Si:H and Al metal by DC sputtering.  Finally, 

a 2 m thick PTS-R interlayer dielectric was spin-coat 

deposited, followed by Mo and ITO sputter deposition 

and photolithographic patterning to form the 

passivation and pixel electrode, respectively.  Figure 

1 is a photograph of a small portion of a typical 

transistor array on stainless steel. 

Fig. 1. Optical Micrograph of TFT Array Pixels on 

a Planarized SS Substrate 

The FDC baseline pilot line fabrication process 

produces bottom-gate channel-passivated TFTs with 

statistically-averaged saturation mobility sat of 0.7 

cm2/V-s, ON/OFF Ratio (20 Vds, -15 Vgs) of nearly 

109, sub-threshold slope of less than 0.5 V/decade, and 

threshold voltage of 1.6 V.  Figure 2 shows typical 

TFT output and transfer characteristic curves.  A 

mild hysteresis on the order of 0.3 V is evident in the 

transfer curves, which is reflective of the low 

processing temperatures.  Except for this hysteresis 

Fig. 2. Typical output (a) and transfer (b) 

characteristics of a-Si TFTs fabricated on 

planarized stainless steel 

and threshold voltage shift characteristic of low 

temperature a-Si:H TFTs, these metrics compare quite 

favorably with those exhibited by commercial a-Si:H 

TFTs fabricated on glass at much higher temperatures 

(8). Note that these are average results quoted for 

automated testing of 16 test transistors with a 96 m

channel width W and 9 m channel length L (W/L = 

10.67) on each of twelve substrates in a lot, and for 

multiple lots.  Fit yields for these process control 

monitoring (PCM) structures are typically 100%, and 

these performance metrics are statistically 

indistinguishable between lots run with flexible SS or 

PEN or rigid silicon or glass substrates.   

3. Display Technology Demonstrators 

Figure 3 below shows photographs of 3.8-in. 

QVGA electrophoretic ink displays (EPDs) fabricated 

on both low CTE SS and HS-PEN.  Both displays 

have a small number of line defects, but exhibit good 

contrast ratio and grey-scale (4-bit) and fast image 

switching speed (~0.35 s).  We continue to improve 

our processes and protocols in an effort to produce 

even higher quality displays. Through a focused 

defect reduction program we have recently been able 

to produce zero-line-defect panels on SS.    
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Fig. 3.  3.8-in diagonal QVGA EPD panels on SS 

(top) and on HS-PEN (bottom). The displays were 

produced with FDC partner E Ink’s Vizplex 100™ 

imaging film integrated at the FDC. 

4. Summary

This work demonstrates that a pathway exists for 

direct fabrication of high quality flexible reflective 

displays on two candidate flexible substrate types in a 

Pilot Line manufacturing environment.  We are now 

transitioning this technology know-how to our GEN II 

(370 x 470 mm) Pilot Line to demonstrate scalability 

and manufacturability on display-scale equipment, 

which will be a crucial milestone towards flexible 

display commercialization.  
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