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We evaluated amorphous silicon thin-film transist6f&Ts) fabricated on polyimide foil under
uniaxial compressive or tensile strain. The strain was induced by bending or stretching. The on-
current and hence the electron linear mobilitydepend on straig as u= uo(1+26X¢), where

tensile strain has a positive sign and the strain is parallel to the TFT source-drain current path. Upon
the application of compressive or tensile strain the mobility changes “instantly” and under
compression then remains constant for up to 40 h. In tension, the TFTs fail mechanically at a strain
of about+0.003 but recover if the strain is released “immediately.” ZD02 American Institute of
Physics. [DOI: 10.1063/1.1513187

I. INTRODUCTION relaxed state. Anyrreversible change in the TFT transfer

Electroni ¢ labels. displ ; hicl qc)haracteristic due to mechanical failure under compression
ectronic paper, smart 1abels, dispiays 1or VENICIES ant, 1o nsjon would be observed in this experiment. After com-

hapd-held_ devices, sensor skins, and eleqtrot.exnles often rf)’ression, no change was observed in the TFT characteristics
quire flexible substrates. For these applications, the trad or strains smaller than~—0.02 (bending radius of

tional glass substrate of large-area electronics must be re-g 5 mm), while after tension, a change in the TFT charac-

placie(;l }?"th foils _?fb:netals Ol; (t)rgfmlcf polymersF.l Sta“nlessteristics was observed beginning at a strain-ef- 0.005
steel foils are suitable as substrates for amorphausno- (bending radius of-2 mm). Indeed, under excessive tention

crysthalllge, andf poly—SIItICfOB .th'tr.]'f"m transst&rgwthogt Ithe TFTs failed. The failure mode was periodic crack forma-
much change of present fabricalion processes. Lrganic polyi, , i, the TET island, with the cracks running perpendicular
mers come in a wide variety. Many are inexpensive an ; L

. - X o the bending direction.
transparent in the visible part of the light spectrum. However,

in thin-film electroni hol t substrate ch ‘ In this article we present a study of the electrical behav-
In thin-tim electronics a who'e range ot substrale charactery, . »_ sj-4 TETs fabricated on polyimide substratering
istics become important including chemical stability, high

. " o ompressive or tensile straiReversiblechanges in the TFT
softening, or glass transition temperature, low coefficient Off

h | . ble to that of th terial d ransfer characteristics were observed, namely, the electron
erma _expansm(ncqmpara '€ to that ot the matenals used ;o mobility u decreases under compressiotreases un-
for thin-film electronic$, negligible shrinkage during circuit

L. - . 4 der tension and then returns to the original value after the
fabrication, small coefficient of humidity expansion, low

. . strain is released.
solubility for water, low water and oxygen permeability, and

small surface roughness. Polyimides meet many of these re-
quirements well. Il. EXPERIMENTAL PROCEDURES

All flexible or conformal display applica'ltions.reguire A key aspect of using organic polymers as substrates for
some degree of bending. Bending or draping will inducerer glectronics is the initial surface passivation. The passi-
strain in the electronic circuits. Therefore, understanding the 4tion layer “seals” the polymer foil and converts the chem-
electrical performgnce of _thin-film transisto(fEFTs) during istry of the polymer to the chemistry of the passivating ma-
and after mechanical strain becomes essential. _ terial. Semiconductor devices are highly susceptible to

Back-channel etch amorphous silicon thin-film ransis-cqiamination, and the passivation layer substantially re-
tors (a—Si:H TFT9 fabricated on 25:m thick Kapton foil  g;ces the chance of contamination of the TFT layers during
can be bent to very small radii of curvaturélowever, they i growth, caused by outgassing and oxygen and water
respond differently to compressivaward cylindrical bend- release from the polymer foil. The passivation layer also

ing) or tensile strairfoutward bending Figure 1 depicts the  qore5 a5 the mechanical bond between the TFT layers and
on current, source-gate leakage current, threshold voltagg,e substrate.

and electron mobility, normalized to their initial values, as a During TFT fabrication, the polymer foil may be tempo-
function of the applied strain. The TFT was subjected t0 th& iy attached to a rigid substrate, such as a silicon or glass
strain for one minute, then was released and evaluated in trwafer or used as a free-standing substtat® if it is at-
tached, the thermal expansion of the compliant foil substrate
dElectronic mail: gleskova@ee.princeton.edu during temperature cycling will be constrained to the stiff

0021-8979/2002/92(10)/6224/6/$19.00 6224 © 2002 American Institute of Physics

Downloaded 18 Dec 2002 to 128.112.36.168. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 92, No. 10, 15 November 2002

Compression <+> Tension
L :

2 el 4
LoD,
Pl s T 43 2
E v g
<1 «o—ﬁ—’q\\ 2%
$ °© oL, 9N~ E!
= & “%@%q) 1=
®
0 . . ; . . 0
3020 -1 0 1 2 3
Strain £ (x 10-2)
3 Compression <> Tension
>2 2 N ~3 1! =4
~ oA 2
> 1 | < B—- e
b T
3002 -1 0 1 2 3

Strain € (x 10-2)

FIG. 1. On current,,, source-gate leakage currdpt,, threshold voltage
V., and electron mobilityx of a— Si:H TFTs on 25xm polyimide substrates
after 1 min of cylindrical deformation and release, normalized to their val-
ues before deformatich.

glass (coefficient of thermal expansioan=3.76x10 %/°C
for Corning 1737 glagsor Si wafer (@=2.5x10 ¢/°C).
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FIG. 2. Cross section af—Si:H TFT fabricated on-51-um thick polyim-
ide foil. The arrows denote the bending direction parallel with the TFT
source-drain current path.

vating SiN,, ~50 nm of (W) a—Si:H, and~ 100-nm thick
Al for the source-drain contacts. Fabrication details are given
elsewheré? The channel length is 4@m and the channel
width 400 um. Figure 2 is a cross-sectional view of this
structure. After fabrication, the SijNayer on the back of the
substrate is etched away and the transistors are annealed in
forming gas. Figure 3 shows typical transfer characteristics
for these devices. The off currentis3x 10 "2 A, the on-
off current ratio>10°, the threshold voltage-3 V, and the
subthreshold slope-0.5 V/decade. The electron linear mo-
bility, calculated from the transfer characteristic for drain-to-
source voltage/y=0.1V, is ~0.45 cn?/Vs.

We strained the transistors by either bending or stretch-
ing. Inward cylindrical bending produces compression, by

After fabrication the polymer foil, which now carries the definition negative, and outward bending tension, positive.
TFTs, is detached from the rigid substrate. Our TFT fabricaThe bending direction in most cases was parallel to the
tion process uses a §im thick free-standing polymer foil. source-drain current path, as shown by the heavy arrows in
Therefore, its coefficient of thermal expansion must matctrig. 2. A few TFTs were also tested with the bending direc-

that of the TFT layers reasonably well and the built-in stression perpendicular to the source-drain current path. In com-
in all TFT layers must be very well controlled. Otherwise, pression, single TFTs were bent to various radii of curvature

severe substrate curving may occur.

The polyimide Kapton®E works well as a substrate for
a—Si:H TFT fabrication. It is stable to the TFT process
chemicals, has a glass transition temperata850 °C, a co-
efficient of thermal expansion of ¥10°/°C,!! and an
root-mean-square surface roughness-@0 nm?® A 51-um
thick foil shrinks ~0.04% afte 2 h at 200°C, it has the
relatively low humidity expansion coefficient of 9
X 10 ®/%RH, a water permeability of 4 gfitday, and an
oxygen permeability of 4 citm?/day

We fabricated arrays od—Si:H TFTs at 150°C on a

R, ranging from 70 to 1.6 mm. Transfer characteristics like
those of Fig. 3 were measured at each bending radius. Some
TFTs were measured at seveR| while others were bent
permanently to a fixe®, to monitor the change in the trans-
fer characteristics for-40 h.

From each set of transfer characteristics, we extracted
the off-current ., on-current ,,,, gate leakage curreh,,
linear mobility u, threshold voltageV,, and subthreshold
slopeS. The definition of these currents is as follows: The
off-current is the smallest drain-to-source current\ag
=10V, the on-current is the drain-to-source current\gg

free-standing Kapton E substrate passivated on both sides
with SiN, deposited by plasma enhanced chemical vapor

deposition (PECVD). The standarda—Si:H TFT process < V=10V 5 <
temperatures lie between 250 and 350 °C. We reduced the % 10 /s/"'f 07 %
temperature to 150 °CRef. 12 for two reasons(i) several s 4 // 0.1V 4 ;
other polymers can withstand the temperature of 150°C £ 10 [ 10 £
(Ref. 13 and therefore a 150 °C TFT technology can be used G 9 Idsd{ o B
on other substrates, ariil) a—Si:H and SiN layers grown g 10 i 10 g
by PECVD at 150°C can be grown with a quality compa- § ” § I 1 §
rable to the materials grown at standard temperature. $ 107 Nk A 107 ¢

The TFTs have the inverted, bottom gate staggered ge- B R w/[]‘ R e + ¥ 3;3
ometry with SiN back-channel passivation. The polyimide & 10 1(') - (‘) PP 2010 S

substrate foil is first coated on both sides with a pra-thick
layer of SiN.. All TFTs have the following structure:
~100-nm thick Ti/Cr layer as gate electrode 360 nm of
gate SiN, ~100 nm of undope@-Si:H, 180 nm of passi-

Gate-to-source voltage Vg (V)

FIG. 3. Transfer characteristics for the TFT of Fig. 2. The source is
grounded.
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FIG. 5. Relative mobility plotted as a function of strain. Each symbol rep-
resents a different TFT. Empty and full symbols correspond to TFTs with the
bending direction parallel and perpendicular to the source-drain current

o . . . _ path, respectively. The linear fit is for TFTs with the bending direction
FIG. 4. Photograph of an individual-Si:H TFT stretched in a microstrain  parallel to the source-drain current path.

tester and wired for electrical evaluation.

Eventually more precise, numerical, calculations will be
needed to evaluate locally varying strain in specific device

=10V andVy=V;+10V, and the leakage current is the - .
and circuit geometries.

gate-to-source current fofqs=10 V andVy=20 V. V, and
p were calculated from the transfer characteristic Yo
=0.1V, while S was obtained by fitting an exponential Ill. RESULTS AND DISCUSSION

function to the subthreshold region of the transfer charactera Compressive and tensile strain induced by

istic for V4s=10 V. To obtain reference values for these pa-penging

rameters, each TFT was measured first before any strain was ] ) ) ) )
applied. We calculated the strain at the Sitl-SizH inter- We first appliedcompressivetrain and observed a slight

face of the TFTs using Eq1) of Ref. 3. Young’s modulus of decrease in the o_n—curreryn, and hence the linear mobility
our polyimide substrate is 5 GRRef. 11 and we assumed #- 1he changes in the off-curremt; and leakage current

183 GPa for all TFT layer¥ The highest compressive leak remaiqed within experimental error and we.concluded_
strain, at the smallest bending radius R 1.6 mm, was that they did not change. There was a substantial scatter in
~—0.01, the highest tensile strain was+ 0.002. the threshold'voltag!sa’t and subthreshold slogg While no
Additional a—Si:H TFTs were subjected to uniaxial ten- €l€ar conclusion could be made abat, S seemed to rise
sile strain in a microstrain tester as shown in Fig. 4. Indi-Slightly with increasing compressive strain. Next, we applied
vidual TFTs were firmly clamped between two jaws, One|ncr_ea_5|ngensnest_raln and observed that the Ime_ar mobility
stationary and one movable, of the tester. A controlled loadt did increase while the subthreshold sldpeemained un-
was applied to the movable jaw and measured with a loaghanged. _ _ . .
cell. The stretching direction was parallel to the source-drain  Figure 5 depicts the relative mobiligy/ 1., as a function
current path. Transfer characteristics like those of Fig. 3 wer@f Straine, where is the linear mobility under an imposed
measured for each loadensile stress via gold wires sol-  Strain andu, is the initial linear mobility. Each symbol on

dered with indium to the source, drain, and gate contact pad9€ 9raph represents a different TFT. The empty and full
(see Fig. 4 From each set of transfer characteristics weSYmMbols correspond to TFTs with the parallel and perpen-

extracted! o, 1o leaws @ Vi, and S using the method d_icula_r bending direction, rgspectively. There is_ no quqlita-
described above. The configuration of the microstrain testeive difference in the behavior qi/p as a function of di-
allowed measurements only under tension. recuqn of the strain, _but quantltatlvgly the valgesﬂfm _
To compare the data from the bending and stretchinéema'” sllghtly Iargg_r.m the perpendicular bending d|rect|_on.
experiments, we calculated the strainnder stretching from A linéar fit to mobilities measured under parallel bending

the known loadF using the following formula: direction givesiu/uo=1+26Xs.
Figure 6 shows the relative subthreshold sI&§&,,

F whereS is the subthreshold slope at a given strain 8pds

TV ATYA @D the initial slope. While there is a clear trend infu, as a
function of straine, the spread ir5/S; is quite large. The

where Y; and Y4 are Young’s moduli of the film and the solid line in Fig. 6, which is a linear fit to the experimental
substrate, respectively, antl;, Ag are the cross-sectional data, indicates that there is a decreas&/ig, with the ap-
areas of the two materials. The values ¥r and Y5 are  plied strain, but we draw this conclusion with some reserva-
given above. Equatiofil) assumes a linear relationship be- tion.
tween stress and straielastic deformation which in our For a given strain, the change in the mobility was ‘in-
experience is a reasonable assumptionafelSi:H TFTs on  stantaneous’ to a new value that remained constant during
polyimide substrates. The strains that we calculate are firsthe measurement time ef40 h. (Since it takes several min-
order values, because they consider neither lateral constraiates to measure the transfer characteristics, the measured
of the substrate nor variations in transistor cross-sectionsnobility reflects the situation several minutes after the strain

€
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FIG. 8. Relative mobility and off-current plotted as functions of tensile

FIG. 6. Relative subthreshold slope plotted as a function of strain. Symbolstrain. The TFTs were stretched along the direction of the source-drain cur-

as in Fig. 5.

has been appliedFigure 7 shows the mobility/ g, the
off-current | o/l 0, @and the leakage curremjoq/!icako 8S
functions of time during whicle = —0.01 compressive strain
was applied. As mentioned above, no change in the off cur-
rent or leakage current was observed and therdfgrA o

and | ga /1 1eako FEMAIN unity.

B. Tensile strain induced by uniaxial stretching

Figures 8 and 9 show an example of the effect of tensil
strain applied in the strain tester asSi:H TFT character-
istics when the TFT is strained along the channel length. Th
load was increased in small increments up to the breaking
point. Figure 8 depicts the relative mobility and off-current.
Initially, the mobility increases as a function of strain and
follows the same dependence as observed in the bendi
experiment. For strains larger than+0.002, the mobility
starts to deviate from this behavior. The off-current slowly
decreases up to the strain-ef+ 0.0025 and then it rises to a
peak just before the TFT fails mechanically. However, sev-
eral TFTs showed no change in the off-current. Figure
shows the relative change in the threshold voltdgand the
subthreshold slopes. The threshold voltage slowly in-

creases, while the subthreshold slope exhibits behavior Slm{/_irgin TFT. The only sign of previous failure is the reduction

lar to the off-current. All TFT parameters display unusual. : ) .
P piay the failure strain as the number of the failure-recovery

behavior when the tensile strain approaches the failure strai
For now we conclude that the increase in the threshold volt-
age reflects the usual dangling-bond instabilityesfSi:H

TFTs sinceV, always rises even when the tensile strain is

rent path.

threshold volta

ge shift.

gradually decreased. Further investigation is necessary to de-
termine if the strain has an effect on the magnitude of the

Several TFTs failed at the strain ef +0.003. Interest-
ingly enough, if the tensile strain of the failed TFT was “im-
mediately” reduced to zero, the TFT transfer characteristics

returned to normal. This is documented in Fig. 10, which
shows the initial transfer characteristics of a virgin TFT, then

crack “closes”

ik

cycles is incre

the characteristics of the same TFT at the failure strain, and
again after the strain was released. The transfer characteris-
%ics do not show any signs of the previous failure and one
annot distinguish them from those of a virgin TFT. The
FTs can be cycled through the failure and recovery process
everal times before they start to show permanent changes in
their transfer characteristics. The parameter that affects the

mber of the failure-recovery cycles is the time for which

e TFT is kept under failure strain. If the TFT is held at
failure strain for several hours, it never recovers.

SEM analysis combined with optical microscopy re-
vealed that the Ti/Cr gate line inside of the TFT structure
oes crack but the crack does not propagate easily in any
direction. This is not surprising since Cr is not ductile and
has built-in tensile strain. Once the strain is released the

and the TFT cannot be distinguished from a

ased.

The failure strain of~+0.003 is lower than previously
reported® A tensile strain larger than- +0.003 but smaller
than~ +0.005 causes mechanical failure of the TFT, but this

failure is observed only if the TFT is measured while

strained, or after having been kept at the failure strain for a

2 . . 2
£=-0.01 ]
_% L Ilz1k/11eak0 i1 % 2 - . . élj'
= 2 SIS .
510 Tl s 1= 1 60 DB Qurorpon. © !
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FIG. 7. Relative mobility, off-current, and leakage current as functions of FIG. 9. Relative threshold voltage and subthreshold slope plotted as func-
tions of tensile strain. Stretching direction as in Fig. 8.

duration of an applied compressive strain-ef-0.01.
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perpendicular to the source-drain current path. This behavior

< 5l @ Vo= 10V )

5 10 107 % also is qualitatively similar to the one observed in uniaxial,

[ L . . . R o .

B 107 0.1V _ 307 B tensile-strained, crystalline silicon metal-oxide-

g £ semiconductor field-effect transistofIOSFETS, however

5 e £ \ o ) .

S & 9 & a—Si:H TFTs exhibit substantially smaller change in the

g 10 i, Al - mobility.'®

= . . . ..

g 107 fome 'y A ot 3 Because the—Si:H TFT is a complex device consisting

E Py - f of several layers, we have found it difficult to clearly trace

F10M 1 ' 10_133 the changes in the current-voltage characteristics to their

& .0 -5 0 5 10 15 20 physical origin. On one hand, the piezoresistive effect in un-
Gate-to-source voltage Vo (V) doped andn-type dopeda—Si:H affects the contact resis-

tance and hence the on-current and therefore the apparent
field-effect mobility. On the other hand, any change in the
band gap, the slope of the conduction-band tail, or the dan-
gling bond density of tha—Si:H channel material also will
affect the mobility. Ina—Si:H TFTs, the free electron mobil-

ity, which is set by scattering on every silicon atom, is re-
duced to an effective mobility by frequent trapping in the

®) 107

23
Qs ‘/U 101! conduction-band tail states af-Si:H channel material. The

AL ey slopes of the conduction- and valence-band tails are
D Y 10713 correlated’*® and controlled by the amount of structural

Drain-to-source current I4;(A)
= - — Pk —
s =2 3 ) =

o — O ~1 W
—_
[
o
Gate-to-source current Igs (A)

-10 G‘5 0 5 1 10 V15V 20 and/or thermal disordé?. The band gap of—Si:H is also
ate-to-source voltage Vg (V) affected by disordé? and it decreases with increasing hydro-
static pressuré’ We have linked the reduction of the optical

< 1051.© Vos=10Y 10° < band gap of intrinsi@— Si:H under compression via the ex-
= ae perimental results of Refs. 17—20 to the changes observed in
E 107 ’ 01V 1107 E the TFT field-effect mobility under compression. The two
5 !/,/ £ effects agree within a factor of twd.Further study is needed

§ 10 : .5/ b 10 ; to determine the primary mechanism causing the reversible
‘é dsfié el E mobility changes and to detect concurrent changes in the off-
; 101! J: 10! ; current, the threshold voltage, and the subthreshold slope.
'§ 1013 O 10-13§

/R-10 5 0 5 10 15 20 IV. CONCLUSIONS

Gate-to-source voltage Vgs V)
We applied uniaxial strain ranging from-0.01 to
FIG. 10. Transfer c_haracteri‘stics of a vir_gin TEY), chara_cte_ristics of the __ +0.003 toa—=Si‘H TFTs on polyimide foil by bending
same TFT at the failure straifp), and again after the strain is releagef . . . .
them inward or outward, or by stretching them in a micros-
train tester. The bending direction was either parallel or per-
prolonged time. Otherwise, the TFT is highly likely to re- pendicular to the source-drain current path. The stretching
cover to the original performance after the strain is removedgirection was parallel to the source-drain current path. Com-
) _ . _ pression produced a decrease, while tension caused an in-
gé::%;itghe electron field-effect mobility strain crease in the on-current and hence the linear molfiitgept
’ if the tensile strain exceeded the failure stjaifihe change
The behavior of the field-effect mobility @—Si:H TFTs  in the mobility was “instantaneous” on the time scale of
under strain is similar to the changes in the dark conductivityseveral minutes and the mobility increased linearly with the
of undoped andh-type dopeda—Si:H films due to the pi- applied strain. In compression, the mobility did not change
ezoresistive effect The conductance of undoped ami™( further for stress duration of up to 40 h. The change in the
a—Si:H material increasegdecreases with increasing mobility qualitatively agrees with earlier observations of the
uniaxial tensile(compressive strain. The magnitude of the piezoresistive effect im—Si:H, and it appears to be caused
conductance depends on the directions of the applied straioy the changes in the slope of the conduction-band tail of the
and the current path with respect to each other. The maxia—Si:H channel material.
mum change occurs when the strain is parallel to the current The failure strain under tension was found to be
path, the minimum change occurs when the strain is perpen~ +0.003, a lower value than we previously reported. A ten-
dicular to the current path. The mobility in oarSi:H TFTs  sile strain larger than- +0.003 but smaller thar- +0.005
under uniaxial strain qualitatively follows the same behavior.causes mechanical failure of the TFT, but this failure is ob-
The mobility increases in tensiofup to the failure strain  served only if the TFT is measured while strained, or after
and decreases under compression. The change in the molilaving been kept at the failure strain for a prolonged time. If
ity is larger for TFTs where the strain is parallel to the the TFT is relaxed soon, it is highly likely to recover to the
source-drain current path than for TFTs where the strain isriginal performance after the strain is removed.
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