HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS VOLUME 95, NUMBER 2 15 JANUARY 2004

Spherical deformation of compliant substrates
with semiconductor device islands
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This article explores, through experiments and finite element analysis, the ability to plastically
deform thin-film semiconductor structures on deformable substrates to spherical cap shapes without
cracking the semiconductor layers. The major challenge involves contending with the large strain
due to extreme deformation that will crack uniform stiff layers, such as silicon or silicon nitride. By
patterning amorphous silicon and silicon nitride layers into islands, such problems can be avoided
despite average strains in the substrate in excess of 5%. The strain in the device islands after
deformation is a function of the island structure, size, and substrate material properties. Although the
substrate is plastically expanded to a spherical dome, device islands can experience either tension or
compression depending on the structure. 2@04 American Institute of Physics.

[DOI: 10.1063/1.1634370

I. INTRODUCTION conventional methods on flat foil substrates, into a spheri-
o » . cally shaped cap after the device fabrication process. In con-
The applications of traditional large-area electronics, st 1 rolling, with spherical deformation, the surface is in
such as displays, are limited by the fact that glass substratggngion on both the concave and convex sides of the sub-
are rigid and easily breakable. Large-area electronics, such @gate and thinning the substrate cannot be used to reduce the
electronic paper, sensor skin, and electrotextiles, requirégyin. Because inorganic semiconductor materials are brittle,
building electronic devices on flexible and deformablese niform layers of device materials crack during the sub-
substrate$™ Substrates, such as organic polymers ands e deformation. Thus, spherical deformation is fundamen-
stainless-steel foils, can be deformed into arbitrary shapess|ly more difficult than cylindrical deformation because the

but inorganic semiconductor device materials, such as amOfeformation inherently involves stretching the substrate and
phous silicon and silicon nitride, are brittle and crack easilyyayices on it independent of the substrate thickness.
when substrates are deformed. Therefore, to achieve flexible |, this art’icle Sec. Il explains our approach to plastically

electronics, it is essential to reduce the applied mechanicaleform thin foil substrates into spherical dome shapes. Sec-
strain in such device structure on deformable substratesiq, ||| demonstrates that by patterning device materials into
Most of the work to date has focused on cylindrical defor-jso|ateq islands, “hard” device islands can remain crack free
mation of thin foil substrates. In such cases, the semicondutsfier deformation. Finally, Sec. IV discusses that the strain
tor films on the inside of the deformed surface are in COMyjistripution in the device islands for two different substrate

pression and those on the outside are in tension, while thetg,ctyres, and why patterning brittle materials into islands
exists a plane between these two with no straieutral suppresses fracture in the devices.

plane.*° Assuming the film thickness is negligible and the
neutral plane is at the midsurface of the substrate, the mad- SUBSTRATE DEFORMATION
nitude of strain in the surfaces is given by In our experiments, pressurized gas is used to deform
structures on thin foil stainless-steel or Kapton™ polyimide
e :L (1) substrates, which are clamped at the ed@esm in diam-
uniaxial™ 2 5 * etep, into spherically shaped cap®y comparing the initial
foil cross section with the final deformed afEig. 1), the

wheret is the substrate thickness apds the radius of cur- - ayerage radial strains( 5,9 necessary to expand the foil to a
vature. Since the surface strain can be decreased by reduciggnerical shape subtending a given argleis

the substrate thickness, tight radii of curvature can be

achieved simply by using thinner substrates. f_ sinf sin-1 2Rh _ 2Rh
In this article, we report work aiming toward the perma- 2 2 R’>+h?] R?+h?
nent deformation of thin-film electronics, first fabricated by r.avg— 0 2Rh
sy R%+h?
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TABLE I. Annealing conditions used in our experiments.
Thickness  Anneal time Anneal
Sample  Steel standard  (um) (h) condition
A AISI 316 25.0 as received
B AISI 316 125 as received
C AISI 316 25.0 22 800 °C in air
D AIS| 316 125 22 800 °C in air
E AISI 304 25.0 1 1050°Cin N

FIG. 1. _Schem_atic cross seption of t_he foil before ar_]d after de_formationt0 a spherical dome with 38° field of view. After pressure

where @ is the field of view,h is the height of the spherical domR,is the . .

radius of the clamped substrate, gné the radius of curvature. was released, because of the elastic relaxation of the sub-
strate, the height of the spherical dome was reduced to
~0.30 cm f/R=0.10), corresponding to a 23° field of view.

to estimate the average radial strain in the substrate. For Bhe 25um-thick foil was deformed lesfFig. 2(b), Sample

66° field-of-view spherical dome, which subtends a solidA]. At 345 kPa, the center of 2am-thick foil was raised by

angle of one steradian, the average radial strain is 5.6%. This0.40 cm fi/R=0.13), corresponding to a spherical dome

also corresponde/R=0.29. We use this model benchmark with 30° field of view. After pressure was released, the

as a goal for most of the work in this article. height of the spherical dome was reduced +©.20 cm

(h/R=0.07), corresponding to a 15° field of view. In these

two cases, the field of view was reduced almost 50% after

We first experimented with bare stainless-steel foilsthe elastic relaxation of the steel foils, which was not desir-

(AISI 316, 12.5um or 25um thick), which were plastically able because our goal was to permanently deform the sub-

deformed by nitrogen pressurized up to 345 kB@ps). At  strate foil into a set spherical shape.

345 kPa, the center of 12/m-thick foil was raised by To reduce such elastic relaxation, it is essential to use

~0.50 cm ©/R=0.17)[Fig. 2(b), Sample B, corresponding substrates with lower yield strength. This was achieved by
annealing the steel foils before deformation to create larger
polycrystalline grains. Table | shows the annealing condi-

A. Steel substrates

1.0 : tions used in our experimentSample E, AISI 304 stainless
~ o081 Sample A,B (as received) steel, was annealed by the supplieFigure Za) demon-
e strates the effect of annealing on the measured stress—strain
% 0.64 19hou;>00°CAnneaIing curves. Note for annealing at 800°C or higher, the yield
@ . strength is reduced from0.8 GPa to~0.2 GPa. Thus, an-
& 04 Samp'e\C'D (22 hours 800°C) nealed foils can be deformed with little elastic relaxation
« after pressure releadéig. 2(b)]. For example, Sample E
0.21 . i (annealed at 1050 °C inNor 1 h) at 345 kPa, the center of
0.0 Sample E (1050°C Annealing) the annealed foil was raised by0.93 cm f/R=0.31), cor-
000 0.02 004 006 0.08 responding to a spherical dome with 69° field of view. After
Strain ¢ pressure was released, the height of the spherical dome was
@ reduced to~0.85 cm f/R=0.28), corresponding to a 63°
Pressure (kPa) field of view. The height of the dome was only reduced by
0.35-2 68 136 204 272 340 8% due to the relaxation, which was a great improvement
E compared to the as-received fdilig. 2(b)]. Figure 3 shows
0.30 ) the shape of the steel spherical dofBample & after pres-
0.251 // sure was released, which closely matches that of an ideal
0.20 -~ c spherical dome with 63° field of view.
€ 0.15]
0.104 B. Polyimide substrates
0.054" From the previous discussion, we demonstrated that it
0.00L4 was easier to permanently deform substrates with lower yield

0 10 P20 30 40 50 strength. Plastic substrates in general have even lower yield

ressure (psi) strength compared to stainless-steel substrates. The height
® (measured from the center of the deformed)foil 50-.m-

FIG. 2. () Measured stress—strain relationship for the stainless-steel sheetthick Kapton™ Tab-E polyimide substrates (diameter

fAnneeging relduced thle )ﬂeld Strengtff\ of the stfeel fOI(!lﬁdHeight of de- ) =6 cm) as a function of applied pressure is shown for both

ormed stainless-steel sheets as a function o appliea pressure, with tl H o H

height at the center of spherical domes normalized by the radius of thregt room 'temperatur@Flg. 4@] and at 150°ClFig. 4(b)]

deformed regiorR (as defined in Fig. 1L The pressure was increased from d€formation. At room temperature, at 345 kPa, the center of

zero. the annealed foil was raised by1.05 cm (i/R=0.35). Af-
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FIG. 3. Shape of a deformed 2&m-thick stainless-steel sheet and a de-
formed 50um-thick polyimide substrate as a function of radius, with the

height and radius normalized by the radius of the deformed reBidas
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TABLE Il. Material parameters used in the numerical analysis.
Poisson
E(GP3 oy (GP3 C(GPa n ratio (v)
Steel 200 0.085 0.4 0.2 0.3
(AISI 304)
Polyimide 5 0.040 0.7 0.6 0.3
room temperature
150 °C 3 0.024 0.5 0.7 0.3

=0.31). However, the polyimide substrates have a larger
relative change im/R compared to the steel fdiBample E

in Fig. 2(b)] after the pressure releadaal h/R=0.25 com-
pared toh/R=0.28] because Young's modulus of the poly-

defined in Fig. 1 Both stainless-steel and polyimide substrates were deimide substrate is 40 times smaller than that of the steel foil

formed at room temperature. The solid lifeotted line represents an ideal

spherical shape cap with the same height at the center of the stainless-steel

(polyimide) cap in the experiments.

(Table II).

Heating up the polyimide substrate during deformation
can further reduce its yield strength. For the sample de-
formed at 150°C, at 172 kP&5 psi, the center of the

ter pressure was released, the height of the spherical domanealed foil was raised by0.85 cm (/R=0.28), corre-

was reduced to~0.75 cm (/R=0.25). Compared to the
annealed 25:m-thick stainless-steel foilsSample E in Fig.

sponding to a spherical dome with 63° field of vidtne
sample at room temperature had to be deformed2t1 kPa

2(b)], the polyimide sample at room temperature was de{35 psj to reachh/R=0.28]. After the pressure was re-

formed more at 345 kPah(R=0.35 compared tch/R

Pressure (kPa)
12 0 68 136 204 272 340

-
?

25°C

—=—data, bare substrate
- a- data, with islands
---®---numerical analysis

20 30 40 50
Pressure (psi)

@
Pressure (kPa)

Height of the spherical cap (mm)

E 0 34 68 102 136 170
g 10— T . T T T
§ 8
S 6
@
2 150°C
= 29 —s—data, bare substrate
2 - A data, with islands
_'5, 01 ---8---numerical analysis
T 0 5 10 15 20 25
Pressure (psi)
)

FIG. 4. Height of deformed polyimide substrates as a function of applied

pressure ata) room temperature anth) 150 °C. Height vs pressure pre-

dicted by numerical modeling is also presented. Also shown is height vs

pressure for substrates with 20—1pén islands(0.4-um-thick silicon ni-
tride followed by 0.1um-thick amorphous siliconcovering~25% of sur-
face area. The islands have little effect on the deformation profile.

leased, the height of the spherical dome was reduced to
~0.80 cm (/R=0.27), corresponding to a 60° field of view
[Fig. 4(b)]. Figure 3 shows the shape of the polyimide
sample deformed at room temperature after pressure re-
leased, which closely matches that of an ideal spherical
dome with 56° field of view.

C. Strain distribution in the substrates

In contrast to previous works on clamped circular mem-
brane deflection&® the substrate was deformed plastically.
The assumptions made in previous cagbe deflection was
assumed to be smalvere not valid® and the stress—strain
equations for our substrates were not linear. Therefore, we
used numerical modeling to examine the strain profile after
deformation. We modeled the substrates used in the previous
discussion as elastic—plastic materials with stfegs-strain
(e) relation as(Fig. 5

Ee, elastic, when &|g|<oy/E
o= . , 3

Ce", plastic, whenoy/E<]|g| @

0.20
— Room temperature
& 0.15]
g
b 0.6
@ 0.10{ o=07¢.,
et
5] -

0.05- High temperature

0=0.5¢""
0.00 T T T
000 002 0.04 0.06 0.08
Strain ¢

FIG. 5. Measured stress—strain curve for polyimide substrate at room tem-
perature, and the predicted high-temperature stress—strain curve.
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wheren is the hardening indexC is a materials constant 0.10
(derived from the curve fitting of the measured stress—strain
relation, and E is Young's modulug® oy is the vyield o 008 Steel (AISI314)
strength of the substrate, and is defined by the intersection of -g 0.06
the elastic portion and the plastic portion of E). We a7
directly measured the stress—strain curves of Kapton™ E S 0.041 polyimide
polyimide at room temperatur@ig. 5. For the mechanical &
properties of polyimide at 150°C, we scaled the room- 0.02
temperature properties according to the temperature depen-
d_ence of the stress—stra_in reIaFionship_ of a similar polyimide 0'0%_0 02 04 06 08 10
film (Kapton™ HN available in the literatur& Table II /R
summarizes the materials constants used in the numerical @)
analysis. , 0.10

We used a commercially available finite element analysis s
program,ABAQUS,*? to calculate height versus pressure for a @ 0.08qsteel (A'§[314)
circular substrate clampé@ cm in diameterat its edge. The t_‘;’ 0.06
deformation was modeled as a perfect spherical cap in the s 7 Pz
cylindrical coordinates. Figures@ and 4b) show a com- S 0.04] polyimide
parison between the experimental data and the numerical E
modeling of height versus pressure for both room tempera- S 0.02-
ture and 150°C. The results from a numerical analysis ©
closely match the experimental data. This agreement gives us 0'0%_0 02 04 06 08 1.0
confidence that modeling the polyimide substrates as elastic— /R
plastic material$Eq. (3)], and the estimated 150 °C stress— ®

strain curve are good assumptions.

The strain in the spherical dome is biaxial. At the top of FIG. 6. (a) Radial strain gndb) circumferential strain distribution of the
the spherical dome, the value of the circumferential strain i§|PStrates25-um-thick stainless-steel and gm-thick polyimide foi) de-

. . . Jormed into a 66° field of viewl{/R=0.29).

equal to that of the radial strain because the stretching is
uniform in all directions at the apex. Furthermore, the cir-
cumferential strain is fixed at zero at the edge of the spheri-
cal dome, due to the clamping condition at the boundarysubstrates. When the structures were then deformed into a
Figure 6 shows the numerical modeling of the strain distri-66° field-of-view spherical doméwith ~6% average radial
bution in the substrate deformed into a 66° field of viewstrain, both the silicon dioxide on stainless steel and the
(h/R=0.29). The deformation was modeled as a perfecsilicon/silicon nitride on the polyimide substrate cr&ckhis
spherical cap. The radial strajitig. 6a)] for the stainless- confirms that these hard materials cannot be expanded elas-
steel foil is 7.5% at the top and gradually decreases to 2.3%cally or plastically to~5% strain without failure.
at the clamped edge, with an average of 5.6%. For the poly- We then patterned the stiff device materials into islands
imide substrate deformed at room temperature, the radid@nto the compliant polyimide substrates with the hope that
strain is 5.9% at the top and slowly decreases to 5.6% at th&e large average strain in the substrate would not be trans-
clamped edge, with an average of 5.7%. The radial strain iferred to the islands. The qualitative concept is that the soft
quite uniform across the Spherica| dome for the po|yimideSUbSt|'ate can flow beneath the island during the deformation
substrate. Note foh/R=0.29, simple geometric consider- SO that the island itself might not be excessively strained

ations[Eq. (2)] predicted an average radial strain of 5.6%. (Fig. 7). This method was first applied to islands consisting
of 0.5-um-thick silicon dioxide on 25:m-thick steel foil

substrates. Only m-silicon dioxide islands remained in-

IIl. SPHERICAL CAP DEFORMATION OF THIN-FOIL tact after room-temperature deformation to a 66° field-of-
SUBSTRATES view spherical dome. Becausewun-device islands are too
A. Island concept small for amorphous silicon thin-film-transistorFT) fabri-

While polyimide and steel substrates can easily be plas-
tically deformed with 6% strain, inorganic materials for

semiconductor device structures such as silicon, silicon diox- device islands

ide, and silicon nitride, can only be elastically deformed to a - ; ' ' ' I I‘. | | | -
much lower value of strain before brittle fracture. To dem- expanding / A A eXpa‘"%
onstrate this, 0.2sm-thick silicon dioxide was deposited on Jorrov

a flat steel foil by spin casting a precursor and curing, and 1 50 U VY compliant substrate

0.4-um-thick silicon nitride followed by 0.Jtm-thick amor-
IHG. 7. Schematic diagram showing stiff islands on compliant substrates

phOUS silicon by plasma enhanced chemical vapor depchItIOduring deformation. Deformation takes place mostly in the interisland re-

at 159 °Con polyimidéthe first Iaye_zrs for amorphous Sjli(?Oﬂ gion to limit the strain in the substrates. The dotted lines represent deforma-
transistor processingwere deposited onto flat polyimide tion of originally straight vertical lines in the substrate.
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cation in our lab, we turned to fabricating device islands on 0.1 pm amorphous silicon
polyimide substrates. \ 0.4 um silicon nitride
b

/

B. Planar device islands on polyimide substrates 4

From the previous discussion, we know that by pattern-
ing uniform semiconductor layers into isolated islands, small
islands can be fracture free after spherical deformation of the

U
U

substrate. The blanket film of 0/4m-thick amorphous sili- l 50 pum polyimide substrate
con and 0.4um-thick silicon nitride on a 5Q¢m-thick poly-
imide substrate was patterned before deformation into arrays (@)
of 20- to 120um-square islands, with the surface coverage 100
varying from 4% to 44%. With this method, near the top of o Surface coverage
the spherical caps, intact square islands with au20edge, £ 2 80- —e—44%
were routinely achieved after the substrate was deformed 3 g e 25%
into a spherical dome with 66° field of view under pressure 8 S 60 :::1?02’
(56° field of view after pressure is released, corresponding to 83
a height of~0.75 cm). All larger islands cracked. In further }_’ & 40-
experiments, TFTs were fabricated in these planar islahds. o ®
We observed that the fracture of the TFTs typically took .% % 20 ®
place first in the gate contact pad area, which was the thin- g & .
nest region of the devic@about~0.5 um thick). - ° of, — * 4 :
Figure 4 compares the height versus pressure of the 20 40 60 80 100 120
polyimide substrates with and without the islands, with an Island size (um)
average surface coverage of 25%. Within experimental er- ®)
rors, the I.Slands have no .eﬁ.eCt on deformation proflles an?—lIG. 8. (a) Cross section of planar island structu¢e) Fraction of square
the resulting average strain in the substrate. amorphous silicon/silicon nitride islands on polyimide with no cracks as a

The device island has to be large enough for a transistdunction of the island length, for different surface area coverage. Substrate is
and three contact pac(source drain. and ge)téor charac- deformed to 66° field of view at room temperature or 150 °C. The data were
. ) ; . . taken near the center of the cap.
terization. We sought 4@m islands for device fabrication.
However, even at low island surface area coverage, it was
not possible to realize 4@m islands at room temperature
without cracks[Fig. 8b)]. We used two approaches to in-
crease the island size. The first approach was to heat t
substrate during deformation, and the second was to et

deep into the polyimide substrate to create a mesa islangyqyctor material into individual islands but also etch deep
structurﬁ(seg Seﬁ' g . furth ften th (~10 um) into the substrate to create the device on a poly-
By heating the substrate to 150°C to further soften th§,ije mesa structurgFig. 9(a)]. The sidewalls of these com-

substrate during the deformation process, the maximum IS[5Iiant polyimide mesas could withstand the large shear stress

land ngi W'tthUt cracks forl deformation to(;;\ 66° field of {5y the ‘substrate expansion. These mesa pillars protected
view (before the pressure releaseas increased to 108m.  jayice islands from the substrate so that the strain in the

Figure 8b) shows the yieldfraction of square amorphous device islands was greatly reduced. While only 2@-

silicon/silicon nitride islands on polyimide with no craglaf lanar islands were intact after the substrate was deformed to
the islands without cracks versus island size near the top Qf oo field-of-view spherical dome at room temperature

the cap where the strain is the highest. In experiments, Vary- 564 of the 80um-mesa island&25% surface area cover-

ing the spaging between the i.slands to change; the iSIaane deformed at room temperature were intact after defor-
density has little effect on the yield of crack-free islands formation[Fig. 9b)]. Mesa islands deformed at room tempera-
room-temperature deformation. For 150 °C, it has little e1‘fectture also have a higher yield compared to the planar islands

when the island density is larger than 10%. It is due to thedeformed at 150 °C. Only-5% of the 80xm-planar islands
fact that once the substrate begins to plastically deform, fur(with surface area .coverage of 25%leformed at 150 °C
ther strain requires very little additional stress. Con:sequenthNere intact after deformation ’

the shear load that pulls the island is only weakly dependent

on the area of the interisland region, and the island density is
not a substantial factor in the fracture mechanism. IV. STRAIN DISTRIBUTIONS IN ISLAND STRUCTURES

A. Modeling of strain distribution in the islands

sirable to deform the final device structure at high tempera-
ture. To achieve the maximum island size without fracture
ter deformation at room temperature, we developed an al-
rnative structure, in which we not only pattern the semi-

C. Mesa device islands on polyimide substrates . . . .
poly In this section, we use numerical modeling to calculate

Though most 5Q:m-planar islandgwith a few 100um  the strain distribution in the islands. This is desired to under-
ones deformed at 150 °C were intact after deformation, be-stand the performance of the TFTs after deformation in those
cause of the instability of amorphous silicon, it was not de-islands!® Four important approximations are made in per-
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FIG. 10. Schematic diagraop view) of the modeled round islan@adius
R;) and substratéradiusRg) in the numerical modeling. Biaxial strain is

8 C1 00 z z e applied radially outward from the edge of the substrate.
K=} _—— ’
£ & 80 o
g Planar, 160°C height of deformatior{Eq. (2)]. Finally, for simplicity, we
§g 60- model device islands as a single roufrtbt square as in
2 = J U W W . experimentsisland with radiuRR, . The island is surrounded
f{’ E 40 § by a circle of bare substrateadiusRs), the edges of which
g < § are expanded radially by a fixed amount as a boundary con-
) % 204 Planar dition of the simulation. The surface area coverdigéand
g © 056 y — density is thus R, /Rg)? (Fig. 10.
L ° ol . B N To implement the modeling, we usedAQus'? to exam-
20 40 60 80 100 120 ine the strain distribution in the thin-film island/substrate
Island size (um) structure. Planar islands are Qudn thick and mesa islands
) are 1um thick, unless otherwise noted. The polyimide sub-

strate is 5Qum thick with the stress—strain relation described
FIG. 9. (a) Cross section of mesa island structufie. Fraction of square in Eq. (3) and the material parameters in Table II. We assume

amorphous silicon/silicon nitride islands on polyimide with no cracks as , .
function of the island length, for 25% surface area coverage. Substratea¥c'ung s modulus for all device Iayers to be 200 Gllé’A’Ne

deformed to 66° field of view at room temperature. The data were taken nea@lSO assume that the substratadiusRg) is stretched with
the center of the cap. 6% strain(corresponding td/R=0.30) in the radial direc-
tion when the pressure is on. In our experiments, the height
of the spherical dome deformed at room temperature was
forming this calculation. First, we seek in detail the strainreduced to~h/R=0.25{corresponding average radial strain
distribution of one island at the top of the spherical cap[e, ,,, of 4.0%, Eq.(2)]} after the pressure release. At
where the strain is the greatest. The effect of the local bendt50 °C, these figures wete'R=0.27 ande, a,~4.7%, re-
ing curvature due to the spherical deformation on the straigpectively.
is negligible at the apex of the dome, because the islands are Therefore, after stretching the substrate by 6%, in our
very small compared to the entire substrdihese islands modeling, we reduced substrate stretching to 4% in the radial
are of magnitude of 10@m wide, and the radius of curva- direction for room-temperature deformation to find the final
ture of the substrate is’5 cm). Consequently, nearly all of strain distribution in the islands after pressure release. For
the strain will come from the biaxial stretching of the sub-150°C deformation, we relaxed the substrate stretching to
strate caused by expansion in both radial and circumferenti@% to study the final strain distribution in the islands after
directions. The dimension of the numerical modeling is thugpressure release.
reduced to a two-dimensional problem. Second, from experi-
mental data, we learned that the island surface area coverage
had little effect on the yield of the intact islands. This sug-
gests that the stress on the island is only weakly dependent Figure 11 shows a contour plot of the radial strain dis-
on the island spacing. Therefore, for most of the numericatribution in a structure with 10@sm-diameter planar island
modeling, we only consider one single island and its imme-after stretching to 6% at the substrate boundary at room tem-
diate surrounding substrate. Third, from Sec. IIC, we conjperature(before being allowed to relax back to 4% stretch-
cluded that the radial strain in the plastic substrate is quiténg). The results show that the strains are pinned to low
uniform [Fig. 6(a)], and the peak strain is close to the aver-values in the island and the nearby substrate by the high
age radial strain predicted by E@). Hence, we model this Young's modulus of the island, but increase farther from the
single island on the top of the dome as an island stretcheidland and deep underneath it. This confirms the qualitative
with an average radial strain of the value equal to the averageoncept of the islands described in Fig. 7. Indeed, for the
radial strain across the spherical cap calculated from thegid islands to be intact, the plastic deformation must occur

Strain distribution in planar islands
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FIG. 11. Contour plot of the radial strain distribution in a pfthick (wm)

polyimide substrate with a round silicon isla(@DO um in diameterof 0.5 £1G 13 The maximum strain in the islands as a function of the island
pm thick after stretching to average biaxial tension of 6% at room temperagyismeter for 0.5wm-thick circular silicon islandgboth planar and mesa

ture. The modeled substrate size was a circle of 200in diameter. islands on a 50xm-thick polyimide substrate stretched with 6% strain at
room temperature.

in the substrate region farther away from the islands. Figure

12 shows the radial strain in a rounduta-thick S0um-  the pressure was offFig. 9b)]. Modeling shows for mesa
diameter amorphous silicon island as a function of positionsjands of 80um, the strain at the center of the island is
after deformation at 150 °C to 6% average strain and the'ﬂarger than 0.3%Fig. 13. We conclude that the critical
relaxation back to 5% average strain in the substrate. Notgtrain at which the islands break is approximately 0.3%. This
that the radial strain is large¢d.33% when pressure is on, js consistent with previous results in which amorphous sili-
0.29% when pressure is ofét the island center and gradu- con TFTs were subject to uniaxial tension by cylindrical
ally decreases to near zero toward the island edge. Figure kformatior®® Figure 13 also implies that for mesa islands
shows the calculated radial strain at the center of the islandmaller than 4Qum, the strain at the island center is smaller
as a function of the island diameter for Qa-thick silicon  than zero when the pressure was on, implying that the island
planar(island density ranging from 6.2% to 60%nd mesa centers were in compression. That the island could be in
islands(before relaxationon a 50um-thick polyimide sub-  compressiomfter stretching the substrate is surprising, how-
strate stretched with 6% strain for room-temperature deforever, the phenomenon was also observed when measuring
mation. The strain in the islands increases as a function qhe TFT device characteristics of TFT on mesa Stru(&are_
the island diameter, explaining why larger islands crack. Therg understand this, Fig. 14 shows the modeled radial strain
strain in the island is a weak function of the island density,a5 a function of radius in a round amorphous silicon island
consistent with the experimental observation that the SUffaCﬁhicknesy 1 um, diametet=50 xm) on 10um-polyimide
area coverage does not affect the yield of islands withoufesa after the polyimide substraf® xm thick) is deformed

cracks. with 6% strain and relaxed to 4% average strain. It shows
that the island center is under compression with compressive
C. Strain distribution in mesa islands strain of ~—0.09% when pressure is applied. After the pres-

Figure 13 suggests that mesa islands indeed have a mucH'® is released, the str_ain is decrease(_j algebraically to
lower strain than planar islands of similar geometry, WhiChN_Q'll%' The compression can be explained by t_h? Cross
explains the experimental realization of larger intact islands$S€Ctions of the structure at different stages of the finite ele-
with this approach. In the experiment50% of 80um- ment analysigFig. 15. During deformation, the strain at the

mesa islands do not fracture after the substrate deformed toSide of the polyimide pillars was so large that the lower mesa
spherical dome with a 66° field of viewh(R=0.29), when €dge was permanently deformed. After the releasing the
pressure, the mesa edge was still bent. Consequently, the
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FIG. 12. Predicted radial strain in a round amorphous silicon islandFIG. 14. Predicted radial strain in a round amorphous silicon island
(thickness=1 um, diameter50 um) after the polyimide substraté0 um (thickness=1 um, diamete+50 um) on 10um-polyimide mesa after the
thick) is deformed with 6% strain and relaxed to 5% strain in the substratepolyimide substrat€50 um thick) is deformed with 6% strain and relaxed to
as a function of position, using the estimated 150 °C mechanical propertied% strain in the substrate as a function of position, using the room-
of polyimide of Table II. temperature mechanical properties of polyimide of Table II.
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1 um device isl\an:i function of the island diameter for &m-thick circular sili-

con islandgboth planar and mesa islandm a 50um-thick
polyimide substrate stretched with 6% strain at the substrate
boundary when pressure is on and after pressure re{éése
strain at the substrate boundagt room temperature. Note
that by using a mesa design, it is feasible to design devices
so that these devices endure little strain during the substrate
deformation.

V. SUMMARY

In summary, we have investigated the material basis for
developing spherically shaped electronics by deforming thin
foil substrates with prefabricated device structures. Unlike
previous work in cylindrical deformation, ultrathin substrates
cannot reduce the large average strain in the substrate, which

& is caused by the spherical deformation. Spherical deforma-
tion requires use of device islands on compliant substrates to
FIG. 15. Structure of a 5g«m-round amorphous silicon island (thickness enable device regions to withstand strain without cracking
=1 um) on 10um-polyimide mesa(a) Before deformation anth) during — qring deformation. The strain in the island increases with
deformation(to 6% strain at the substrate boundaryhe deformation at . . . .
mesa edge is permanent, atal after pressure releagd% strain at the the island size, but is Only Weakly dependent on island den-
substrate boundayy sity when the substrate is soft. By etching into the substrate
to create TFTs on a polyimide mesa device structure, the

) ) ) strain in the device layers was greatly reduced. Furthermore,
island center was forced into compression even though thge gevices could be in compression even if the substrate was

substrate as a whole on average was in tension. Note that thgetched due to the plastic deformation at the polyimide is-
performance of amorphous silicon TFTs on mesa structureg, edge.

after deformation is consistent with that films being in com-
pression(a reduction in mobility. The relationship between AckNOWLEDGMENTS
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