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Mechanics of rollable and foldable film-on-foil electronics
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The mechanics of film-on-foil devices is presented in the context of thin-film transistors on steel and
plastic foils. Provided the substrates are thin, such transistors function well after the foils are rolled
to small radii of curvature. When a substrate with a lower elastic modulus is used, smaller radii of
curvature can be achieved. Furthermore, when the transistors are placed in the neutral surface by
sandwiching between a substrate and an encapsulation layer, even smaller radii of curvature can be
attained. Transistor failure clearly shows when externally forced and thermally induced strains add
to, or subtract from, each other. ®9399 American Institute of Physid&0003-695(99)03608-§

The advent of active-matrix liquid-crystal displays hasfilm and the substrate have thickness#s and dg and
opened the era of large-area electronics. Many anticipatedoung’s moduliY; andY. When the sheet is bent, the top
macroelectronic products, including x-ray sensors and digitasurface is in tension, and the bottom surface is in compres-
wallpaper, will be far bigger than today’s integrated circuits.sion. One surface inside the sheet, known as the neutral sur-
Their widespread use will depend on a low-cost peecuit ~ face, has no strain. The strain in the top surfagg, in the
area rather than pecircuit function Part of this reduction bending direction shown in Fig. 2, equals the distance from
will come from low material consumption and new manufac-the neutral surface divided . Typical silicon TFT mate-
turing technologies. For example, thin-film transistorsrials and steel have about the same Young’s modulus. Con-
(TFT9 on thin foils"? use less materials per unit area, andsequently, the neutral surface is the midsurface of the sheet,
lend themselves to roll-to-roll fabrication. We show in this and the strain in the top surface is given by
letter that such devices can be made particularly rugged. B

We fabricated TFTs on steel and polyimide foils. The €top= (dfTds)/2R. @
maximum substrate temperature was 350 °C for steel, anflhe minimum allowable radius of curvature scales linearly
150°C for polyimide. All silicon-containing layers were with the total thickness, assuming that the transistors fail
grown by plasma-enhanced chemical vapor deposition. Firstipon reaching a critical value of strain.
the substrate foil was coated with a Quin thick SiN, layer. Now let us look at the TFT film on a more compliant
An ~100nm thick Cr layer was evaporated and etched tGubstrate such as plastic. The film and the substrate have
create the gate electrode. Then, the TFT stack of 360—40@ifferent elastic moduli {;>Y,), so that the neutral surface
nm of SiN,, ~200nm undopeda-Si:H, and ~50nm of  gshifts from the midsurface and toward the film. Conse-
(n™) a-Si:H were grown. An~100 nm thick Cr layer was quently, the strain on the top surface is reduced, as given by
evaporated and etched to form the source—drain pattern. Fi-

nally, the back channel into thex() a-Si:H, the transistor :(df+ds (1+29+x7°) @
island, and the gate contact pads were defined by plasma P 2R J(1+n)(1+x7m)’
etching.

where n=d;/ds and y=Y;/Y,. Figure 3 plots the normal-

Figure 1 shows two transistor islands on a2 thick 'ézed strain in the film versug. Two kinds of substrates are
teel folil il. When the sheet ' )
steel foil wrapped around a penci en the shee Wacompared: steelY;/Ys=1) and plastic {;/Y;=100). For

rolled to drill bits of successively smaller radii of curvature, venR andd.4 d. . the compliant substrate can reduce the
the transistors functioned well until some critical radii were9 frose P

reached: 2.5 mm if the transistors faced in, or 1.5 mm if theStraln by as .ml.JCh a_s a _fa_ctor of 5. s .
The strain in a circuit is further reduced if it is placed in

transistors faced out. In both cases, failure was caused by ttgﬁ tral surf itself dwiched bet th bstrat
delamination of the spin-on glass planarization layer from € neutral stinace ftseli, sanawiched between the stbstrate
the steel.

To appreciate these results, let us analyze the strain in a
blanket film deposited on a foil substrate. Both fabrication
process and externally applied bending moment cause strain
in the film. We first consider the external bending moment.
Figure 2 illustrates a sheet bent to a cylinder of radRughe

FIG. 1. A 25 um thick steel foil wrapped around a pencil. Two transistor
3E|ectronic mail: suo@princeton.edu islands on the foil are visible.
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eralized plane strain. Let be the through-thickness coordi-
nate, whose origin is arbitrarily placed in the bottom surface.
Although the deflection is much larger than the sheet thick-
ness, the strain typically is small. The geometry dictates that

the strain in the bending directioag, be linear inz, namely,

4

Foil substrate
eg= €9+ 2/R,

whereeg is the strain az=0.

If the film and the substrate were separate, they would
strain by different amounts, but develop no stress. d be
the strain developed in a stress-free material. For example,
thermal expansion produces: AT, wherea is the thermal

. . xpansion coefficient, andT the temperature change. One

and an encapsulation layer of suitable Young's modulus anﬁmy also include ine the strain developed during film
thicknessY, andde . When the stiffness of the circuit proper growth. Because the film and the substrate are bonded and do
is negligible, the circuit comes to lie in the neutral surface ifnot slide relative to each other, a stress field arises. The two

stgz Yedé. ©) stress components in the axial and the bending directiens,

i , ) . .andog, are both functions of. Each layer of material is
In this case bending does not add any strain to the cirCuitayen to be an isotropic elastic solid with Young’s modutus
Consequently, the bending curvature is no longer limited by pgisson’s ratie. The film and the substrate are dissimi-
the failure strains of the transistor materials, but by those of,, materials, so that Y, andy are the known functions of
the substrate and the encapsulation. When low modulugygoke’s law relates the stresses to the strains as
small thickness substrate, and encapsulation are used, the

FIG. 2. A film-on-foil structure bends into a cylindrical roll.

whole structure can be bent to extremely small radii. It can Y [eatep Y [en—€s

even be folded like a map. AT T2 —e) 1\ T2 ) 53
Next, we consider bending caused by the fabrication

process. During TFT fabrication, the substrate foil may be _ Y [eates —e) Y [ea—es (5b)

held in a frame, at elevated temperatures. Upon cooling and B 1—v 2 1+v 2

release from the frame, the structure often bends due to film Assume that no external forces are applied. The force
growth strain and differential thermal expansion. Several r®halance requires that

cent papers have adapted the classical theory of bimetallic

strips to integrated circuits on crystalline substrdt@dere,

we present aspects specific to the film-on-foil structures. The

stress field due to misfit strains is biaxial in the surface of thqnserting Eqs.(4) and (5) into Eq. (6) and integrating, we

film and the substrate. A small, stiff wafer bends into a btain three I lebrai i for the th tant
spherical cap with an equal and biaxial curvature. However2Pan rede 1lgea'|[r? ge rau;equa |ct>|ns (;)rh € three clc?nsb?n s
a film-on-foil structure bends into a cylindrical roll. The cap- €A» €0- @nd R. Tne procedure outlined here 1S applicable

to-roll transition as the substrate becomes thinner and Iargé? gny nur_prtl)er of Iayeirs, Ia?d arbltrabry Lunct:ce(sz()j, E(Zt).’ i
has been studied extensivélppur substrates are so compli- and(z). he general solution can be developed, but IS oo
ant that they are on the “roll side,” far from the transition Igngthy to list here_. Instead, we Con5|d§r_two Important spe-
point. Consequently, they are taken to bend into Cylindricaf:lal cases, assuming that Poisson’s ratie identical for the

shape, as shown in Fig. 1. film ;nd the Stlrjlb?tra;t.:a' bstrat le is bent by diff
The strain in the axial directiorg,, is independent of i Ithuppolse ata |m;rs]u d;ﬁrae coup ?hls tr?n yl It eren-
the position throughout the sheet, a condition known as genl"31 ermal expansion. the ditterence in the thermay strain 1S
ev=(a;—ag)AT. For a stiff wafer, an equal and biaxial

stress arises in the plane of the film, which causes bending.

f(TAdZZO, fade:O, faBzdz:O. (6)

” 10! . . . . . The radius of curvatur® is given by the Stoney formufir®
Y —
2 d
® S
é 5 R= . 7
SE 2 YY—ﬁh;l 1 Bemx 7 @
N subs
58? 1004 ¥ When the substrate is thin and compliant, the film—
§<ﬂ 2 Tes, RSl substrate couple bends into a cylindrical roll instead of a
gég N AN spherical cap. Choose the origin of tkzeaxis such that
g%g °\o\0 57 Yam _ 100 IY(2)zdz=0. Substituting Eq(5) into the last equation in
g ‘—'Q vo ” subs Eq. (6), we can solve for the radius of curvature. The result is
8 10-1 1 1 L 1 1
[l 104 1003 102 10! 100 10! 102 Rz[ ds (1_X772)2+4X77(l+ 77)2 )
dfilm/ dsubstrate 6(1+ V)eMX 7 1+ Y .

FIG. 3. Normalized strain in the film as a function of film/substrate thick-
ness ratio. Two substrates are illustrated: steél/Y.=1) and plastic

(Y;1Ys=100).

The term in the first bracket is the Stoney formula divided by
(1+v), a factor arising from the generalized plane strain
condition. The term in the second bracket comes from the
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o 104 : : : , ey~4.5X10"3. (We neglect any strain during film growjh.

) Yiim =1 Bending to a 1.5 mm radius adds a strajy),~8.5X 1073,

EA Y ubs 1 tensile when the transistors face out, and compressive when
EJ ;1 £ 102 1 the transistors face in. Consequently, the net strain is 4
N & z % 103 tensile when the transistors face out, and1® 3
j 8 - - S 1 compressive when the transistors face in.

Eh:E 100 | Ysiim _ 1&)%“ %% | In summary, this letter gives the basic mechanics rela-

5 = ) subs \0\,\3 Ston;%\ tions for externally forced and thermally induced bending of

Z%m - q‘fformul):?%“\o . the film-on-foil devices. When TFTs are placed on the sur-
a 10-2 . . L Ty RN face of a foil substrate, the smallest bending radius is set by
é 104 1003 102 10! 100 10! 162 the failure strain of the TFT materials. When the TFTs are

diird Aaubsirat placed on a low elastic modulus substrate, the smallest bend-
1 supstrate . .
ing radius can be reduced. Furthermore, when the TFTs are

FIG. 4. Normalized radius of curvature as a function of film/substrate thick-placed in the neutral surface by sandwiching between the

ness ratl_o. Full lines are the solution for a cyll_ndncal roll witt+0.3. ~ substrate and the encapsulation, the smallest bending radius

Dashed lines are the Stoney formula for a spherical cap formed by a thick . .

Stiff wafer. is set by the failure strains of the substrate and the encapsu-
lation materials. Consequently, extremely small radii of cur-
vature can be achieved, which may open new applications of

effect of the compliant substrate. The radius of Curvaturelarge-area electronics.

calculated from Eqs(7) and (8), is plotted as a function of
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