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Failure resistance of amorphous silicon transistors
under extreme in-plane strain
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We have applied strain on thin-film transistéf$=Ts) made of hydrogenated amorphous silicon on
polyimide foil. In tension, the amorphous layers of the TFT fail by periodic cracks at a strain of
~0.5%. In compression, the TFTs do not fail when strained by up to 2%, which is the highest value
we can set controllably. The amorphous transistor materials can support such large strains because
they lack a mechanism for dislocation motion. While ttemsile driving force is sufficient to
overcome the resistance to crack formation, ¢cbepressivdailure mechanism of delamination is

not activated because of the large delamination length required between transistor layers and
polymer substrate. €999 American Institute of Physid$S0003-695(199)01745-3

Much of the recent research on thin-film electronics has  The as-fabricated TFT/substrate structuf€sy. 1(a)]
been focused on the fabrication of devices on plastidhad built-in radii of curvaturdr, of 18 mm, with the TFTs
substrate's® for applications that require nonbreakable oron the outside, and the compliant structufEgg. 1(b)] R,
flexible substrates. In traditional electronics thin films are=8 mm, with the TFTs still on the outside.
deposited on substrates that atéf and thick, so that the We calculate the strain produced in the channel of the
films must conform to the substrate. Most of any stress thaf FT by forced bending. The substrate with and Yy is
develops is concentrated in the film, and the substrate recovered on one or both sides with stiff films with anddy,
mains nearly free of stress. However, when the substrate b@ndds, [Fig. 2a]. During bending the outside film is under
comescompliantand thin, it can take up significant stress tension while the one on the inside is under compression.
and thereby reduce the stress in the filvoung’s moduliy; ~ The strainegyqace0n the surface of the TFT film bent to a
of the hydrogenated amorphous silicoa-§i:H) materials ~radius of curvatur&? is'®
and the metals used in thin-film transistof§FTs) are 1 1\detde +d
~200 GPa;’ ** while Y of the polyimide Kapton E sub- esurface:(—i—) SsTnt R
strate is~5 GPal* The thicknesdd; of the TFT structure R Ro 2
r-ypr)]icgllfy is ~K1 ,utm S?h'thst the ((I:;ng%nt cogndition is estab- X+ 73) +2(x mut x ot m2) + 1
ished for a Kapton thickness af;<300um. Vi )

Theory predicts that a compliant substrate should allow XOmtm)™+ (et ) (140 +1
the bending of thin-film transistors to very small radii of where x=Y;/Y,, n,=d;;/dg, and ,=d;,/ds. The plus
curvature’ When we sought to verify this prediction experi- or minus signs are for bending opposite to or with the
mentally, we made the surprising discovery that the TFTs dduilt-in curvature. Figure 3 shows the bending strain from
not fail at all under the highest compressive strain that weeq. (1), for the stiff[Fig. 1(a)] and the compliantFig. 1(b)]
can establish accurately. This letter reports our experimental

()

observations and their brief theoretical analysis. Cr
All TFT silicon layers were deposited on 2&m thick (n*)a-Si:H 100 nm
Kapton E foil at 150 °€ using a three-chamber rf-excited undoped a-Si:H ~§851an
plasma enhanced chemical vapor deposition system. The g -, {€— 360 nm -
TFTs have the bottom gate, back-channel etch structure SiNy o AN
. . . Polyimide foil 500 nm
shown in Fig. 1. Arrays of TFTs with gate lengp N}(—uo-x " rd

=15um and width W=210um were fabricated on (@)
38mmx38 mm substrates. The fabrication is described
elsewheré. The TFTs were made on Kapton foil coated on
both faces with a layer of SiNas shown in Fig. ). This
structure corresponds to a stiff substrate. The backside layer Polyimide foil
of SiN, was removed from part of the samples to convert the ®)
substrate to compliant, as shown in Figb)l

FIG. 1. Cross section ad-Si:H TFT on 25um thick Kapton foil: (a) stiff
substrate—the as-fabricated sandwich structdsg;compliant substrate—
¥Electronic mail: gleskova@ee.princeton.edu back SiN, removed.
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FIG. 2. (a) Films-on-foil structure bent to a cylindrical rollb) SEM picture
of a failed TFT after outward bending. The TFT failedRt 2 mm. Stiff substrate (with SiNy back layer)
< s (c) Inward bending (d) Outward bending
structures. One can clearly see that removing the back SiNT r S T T 5;
layer reduces the strain in the TFT channel area by a factc% 6 1 1' <
L 4 v
of ~2. o _ % 4 108 &
We stressed individual transistors on Kapton substrate & " 106 <
mechanically by bending outwafdop surface of Fig. @)] ) 10.4 5
or inward [bottom surface of Fig. 2a)]. Single TFTs were & 02~
bent to decreasin®, beginning withR=4 mm down toR ~ — g : ; 0
=0.5mm. The TFT was stressed for 1 min at each bendin LT A ) =
radius, and then was released, flattened and remeasured. F 7 M 18 10.4 5
; ; : o [eeeeer—0———
ure 4 summarizes the effects of inward/compressagc) E« 6| v A 103 8
and outward/tensilgb),(d) bending on TFT performance. s, T Inmfl V. Initifl_()z g
The top graphs in each subset show the on-currgntthe > 4l Sbakdy | Al \;
off-current | ., and the gate-leakage currenpt,, as func- I 104 =2
H H H 5 < 3 1 1o i P BT R Py
tions of the radius of curvature. Likewise, the bottom graphs 0 2 4 S 0 2 4 8 0

in each subset show the threshold voltageand the satu-
rated electron mobility.,,, calculated from the transfer char-
acteristic at source-drain voltayg—= 10 V. Differences be-

Radius of curvature R (mm)

FIG. 4. On-, source-gate leakage, off-currents, electron mobility, and thresh-

tween the “initial” characteristics reflect spread between as-old voltage in the saturation regime as functions of bending ratlilss the

fabricated TFTs.
Inward/compressive bendingeft column of Fig. 4

of compliant or stiff substrate. The slight monotonous rise inreflect spread between as-fabricated TFTs.

V7 is electrical drift also observed in repeated measurements

smallest source—drain current\4§s=10V, |, is the source—drain current
for Vgs=10V and the gate voltag€y=20V, andl e, is the source—gate

) current forVge=10V andVg=20V. Outward bendingR is defined posi-
leavesl on, loff, lieak» @nduy, virtually unchanged, regardless tive, inward bending negative. Differences between the initial characteristics

of unstressed TFTs. This result shows that the TFT can be Outward/tensile bendingright column of Fig. 4 pro-
compressed by at least 2% without failing.
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duces electrical effects at larger valuesRobn the stiff sub-
strate[Fig. 4(d)] than on the compliant substrdteig. 4(b)],
as expected from Fig. 3. No substantial changes are observed
down toR=1 mm (0.5% strain on the compliant substrate
andR=2.5mm(0.4% strain on the stiff substrate. Several
TFTs on stiff substrates failed &~2 mm. The electrical
failure resulted from periodic cracks in the TFT island that
run perpendicular to the bending directifsee Fig. 2b)].
For strains=0.5% about 50% of the TFTs still functioned
with a deteriorated electrical performance.

The amorphous material cannot release strain by dislo-
cation motion, and therefore deforms elastically until it
cracks. Under tension the crack originates at a flaw and

FIG. 3. Inward and outward bending strain in the channel area of the TFT aQrOpagateS as Iong as the dnvmg forGes Iarger than the

a function of radius of curvature, calculated from Et). [ds=25um, Y,
=5 GPa,Y;=183 GPa(Ref. 1), d;; =500 nm, andd;,=960 nn.

crack resistance, which is given by the surface energy of the
newly formed cracl’;:
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(1— v} o?d; substrates. While the former delaminate at a strain of
G=p——~ =Tt (20  ~0.5%, the latter function up to strain of at least 2%. The

f mechanical failure in compression is determined by the
Hereoy is the stress in the filmy; is the film’s Poisson ratio, bonding between the substrate and the TFT structure. We

and g is a dimensionless number that depends on the elastigxpect that very high compressive strains can be reached
constants of the film and the substr&t&Vhen the substrate with good bonding.

is compliant 8 becomes much larger than unity, and the
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