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Abstract

We applied strain ranging from 1% compressive to �0.3% tensile to a-Si:H TFTs on polyimide foils by bending them inward or

outward, or by stretching them in a microstrain tester. We also applied strain to a-Si:H TFTs by deforming a flat substrate into

a spherical dome. In each case, compression lowered and tension raised the on-current and hence the electron field-effect mobility.

We conclude that compressive strain broadens both the valence and conduction band tails of the a-Si:H channel material, and

thus reduces the effective electron mobility. We show that the mobility can be used as an indicator of local mechanical strain.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Flexible electronics based on amorphous silicon (a-

Si:H) thin-film transistors (TFTs) is a field of rapidly

growing interest, to the display industry and for large-

area electronics in general. Thus building transistor

electronics resistant to mechanical strain has become

very important. This need has stimulated research on

the interdependence of the electrical and mechanical

characteristics of a-Si:H and TFTs made from it. We
have systematically studied the electro-mechanical

characteristics of a-Si:H TFTs under cylindrical bending

and uniaxial stretching [1,2]. In this paper we show that

the a-Si:H TFT can be used to evaluate local strain.

The piezoresistive effect, or in other words, the change

in the resistance of a material caused by strain, has been

reported for many materials. The resistivity depends on

strain through either the mobility or the number of the
free charge carriers (the band gap of semiconductors
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changes with the strain). The piezoresistance of crystal-

line silicon is highly anisotropic [3]; the effective mass of
electrons, and thus the mobility, is determined by the six

energy minima of the conduction band [4,5]. Applied

uniaxial strain disturbs the cubic symmetry of the crystal.

Stretching along a [1 0 0] axis increases the energy of the

valleys on that axis and transfers the electrons to the

[0 0 1] and [0 1 0] valleys. Since the constant energy sur-

face of each valley is an ellipsoid elongated along the

corresponding axis, the electrons in [0 0 1] and [0 1 0]
valleys have higher mobility in the [1 0 0] direction,

raising the conductivity in that direction. If the strain is

small, the change in the electrical conductivity is linearly

proportional to the strain.

The change in the resistance (conductance) of a-Si:H

as a function of strain has been studied by several au-

thors [6–8], even though the lack of long-range order

should attenuate any piezoresistive effect. The results of
these measurements have been contradictory, because

the piezoresistance is found to depend on the method of

preparation and the conductivity type. A detailed study

of glow-discharge a-Si:H films [7] revealed that the

conductance of undoped and (nþ) a-Si:H material in-

creases (decreases) with increasing uniaxial tensile

(compressive) strain. On the other hand, the conduc-

tance of p-type a-Si:H decreases (increases) with
increasing uniaxial tensile (compressive) strain. The
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magnitude of the conductance depends on the directions
of the applied strain and the current path with respect to

each other. The largest change is observed when the

strain is parallel to the current path, and the smallest

when the strain is perpendicular to the current path. The

authors concluded that the application of tensile strain

to n- or p-type a-Si:H always shifts the Fermi level to-

wards the conduction band edge, while compressive

strain shifts the Fermi level towards the valence band
edge. The cause of this Fermi level shift remains to be

explained.

The effect of strain on the performance of a-Si:H-

based devices has been studied sporadically [9,10]. The

field-effect mobility of a-Si:H TFTs under compressive

strain was found to decrease [9]. The forward and re-

verse currents of p–i–n a-Si:H junctions decreased (in-

creased) under tensile (compressive) strain applied
parallel to the junction plane [10].

Three regimes can be observed in the electrical/

mechanical characteristics of a-Si:H TFTs made on

polyimide foil substrates [2]. (1) At low strain, the field-

effect mobility changes reversibly. These changes are

induced by elastic deformation. (2) At high tensile

strain, electrical instabilities appear that are partially

reversible, depending on strain–time history. These
instabilities arise from the opening and re-closing of

cracks in TFT layers under force exerted by the visco-

elastic polymer substrate. Such instabilities are not ob-

served in compression. (3) The definitive opening of

cracks in TFT layers causes permanent electrical failure.

This paper will concentrate on changes in the mobility

at low strain.
2. Experiments

We fabricated arrays of a-Si:H TFTs on 51 lm thick

Kapton E polyimide at the maximum process tempera-

ture of 150 �C. First, the polyimide substrate was coated

on both sides with a 0.5 lm thick layer of SiNx. The

TFTs have the inverted, bottom gate staggered geome-
try with SiNx back-channel passivation. All TFTs have

the following structure: �100 nm thick Ti/Cr layer as

gate electrode, �360 nm of gate SiNx, �100 nm of

undoped a-Si:H, 180 nm of passivating SiNx, �50 nm of

(nþ) a-Si:H, and �100 nm thick Al for the source–drain

contacts. Fabrication details are given elsewhere [11].

The channel length is 40 lm and the channel width 400

lm. After fabrication, the SiNx layer on the back of
the substrate was etched away and the transistors were

annealed in forming gas. A typical off-current was

�3 · 10�12 A, the on–off current ratio > 106, the thresh-

old voltage �3 V, and the subthreshold slope �0.5 V/

decade. The electron mobility, calculated from the

transfer characteristic for drain-to-source voltage

Vds ¼ 0:1 V, was �0.45 cm2/V s.
We strained the transistors by either bending or
stretching. Since the length and width of Kapton sub-

strate are orders of magnitude larger than its thickness,

the applied strain is uniaxial. Inward cylindrical bending

produces compression, by definition negative, and out-

ward bending tension, positive. The bending direction

was parallel or perpendicular to the source–drain cur-

rent path. The bending radius determined the strain in

the TFT and the details of this experiment can be found
elsewhere [1]. Additional a-Si:H TFTs were subjected to

uniaxial tensile strain in a microstrain tester [2]. Indi-

vidual TFTs were firmly clamped between two jaws, one

stationary and one movable, of the tester. A controlled

load was applied to the movable jaw and measured with

a load cell. The stretching direction was parallel to the

source–drain current path. Transfer characteristics were

measured for each radius of curvature (bending) or load
(stretching). From each set of transfer characteristics we

extracted the off-current, on-current, gate leakage cur-

rent, mobility l, threshold voltage, and subthreshold

slope. Here we will only report the field-effect mobility.

Similar a-Si:H TFTs were fabricated on Kapton foil,

which was then permanently deformed to a spherical

dome [12]. To perform the deformation, the substrate

was clamped by a ring of 6 cm in diameter. Pressurized
gas then deformed the material within the clamped ring

to a spherical dome of �1 sr (66� field-of-view). During

this deformation, the substrate is in tension and under-

goes plastic deformation. The devices at the top of the

dome are under tensile strain that exceeds 5%. a-Si:H

TFTs fracture at �0.3% of tensile strain. To avoid

fracture, the TFTs are fabricated on rigid islands that

are separated from each other by bare plastic substrate.
Since the thickness of Kapton substrate is negligible

compared to the size and the radius of curvature of the

dome, the islands are under biaxial strain. During

spherical deformation, the substrate exposed between

the islands takes up most of the plastic deformation,

leaving the rigid islands crack-free. To increase the

maximum size of crack-free islands, they were fabricated

on top of mesas made by etching about 10 lm into the
polyimide. TFT transfer characteristics were measured

before and after deformation.
3. Results

The results of the uniaxial cylindrical bending are

summarized in Fig. 1. The normalized mobility l=l0 is
plotted as a function of strain e, where l is the field-effect

mobility under an imposed strain and l0 is the initial

mobility. Each symbol on the graph represents a dif-

ferent TFT. The empty and full symbols correspond to

TFT currents parallel and perpendicular to the bending

direction, respectively. There is no difference in l=l0
with the direction of the strain, except that l=l0 is
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Fig. 1. Normalized electron field-effect mobility plotted as a function of

strain. Each symbol represents a different TFT. Empty and full sym-

bols correspond to TFTs with the bending direction parallel and per-

pendicular to the source–drain current path, respectively. The linear fit

is for TFTs with the bending direction parallel to the source–drain

current path.
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Fig. 3. Field-effect mobility in TFTs on square islands placed on same-

size, 10-lm high mesas, as a function of mesa size, with substrate de-

formed to a spherical cap. The straight line is a least-square fit.
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slightly larger in the perpendicular direction. A linear fit

to mobilities measured parallel to the bending direction

gives: l=l0 ¼ 1þ 26 � e.
Fig. 2 shows the mobility in the strain tester for strain

along the direction of the source–drain current. The

load was increased in small increments up to the

breaking point. Initially, the mobility increases as a

function of strain and follows the same dependence as
observed in the bending experiment. For tensile strains

larger than �0.2%, the mobility starts to deviate from

this behavior. TFT failed at a strain of �0.3%.

Polyimide foils with a-Si:H TFT islands sitting on

mesas of the same size as the TFT islands were deformed

to spherical domes. During maximum deformation the

average radial strain was �6%. After pressure release,

the dome relaxed back to an average radial strain of
�4%. Fig. 3 shows the normalized mobility l=l0 as a

function of island size, where l is the field-effect mobility

after spherical deformation and l0 is the initial mobility.

The mobility decreased after the deformation and de-
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Fig. 2. Field-effect mobility plotted as a function of tensile strain. The

TFT was stretched along the direction of the source–drain current

path.
creased more on smaller islands. This indicates that the

TFT islands are under compression and the compressive

strain is larger in smaller islands. Yet, at the same time,
only the islands smaller than 90 · 90 lm2 remained free

of cracks, indicating that at some point the islands

had experienced tensile strain that was bigger in bigger

islands.

To resolve this puzzle, we used a commercially

available finite-element analysis program (ABAQUS) to

calculate the strain distribution in the TFT islands on

mesas near the top of the dome, where the biaxial strain
is uniform [13]. The model structure consisted of a 1 lm
thick round islands, 50 lm in diameter, placed on a 10-

lm high mesa. We used cylindrical coordinates with the

z-axis perpendicular to the center of the island. Fig. 4

shows the radial strain distribution in the mesa island at

maximum deformation (�6% strain), and after pressure

release (�4% strain). The negative radial strain at the

center indicates that indeed the islands are in compres-
sion, even though the substrate as a whole had been

expanded. The calculation also revealed that this com-

pressive strain decreases with increasing island size, in
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Fig. 4. Finite element analysis of the radial strain in a round amor-

phous silicon island (thickness ¼ 1 lm, diameter ¼ 50 lm) on a 10-

lm high mesa etched into the 50-lm-thick polyimide substrate, which

is deformed to 6% strain (pressure on) and relaxed to 4% strain

(pressure off).
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agreement with the experimental data. This agreement
of model with the experimental mobilities shows that

TFTs can be used to evaluate local uniaxial and biaxial

strains.
4. Discussion

In contrast to crystalline silicon, the band gap of a-
Si:H contains a continuous distribution of localized

states: tail states near the band edges, and dangling-

bond deep states near midgap. The slopes of the con-

duction and valence band tails are correlated [14,15] and

controlled by the amount of structural and/or thermal

disorder [16]. The tail states and deep defects equilibrate,

and the position of the Fermi level is determined by the

defect distribution.
In a-Si:H TFTs the free electron mobility, which is

set by scattering on every silicon atom, is reduced to an

effective mobility by frequent trapping in the conduc-

tion band tail states of a-Si:H channel material. The

bandgap of a-Si:H, which is also affected by disorder

[16], was found to decrease with increasing hydrostatic

pressure [17]. Uniaxial strain slightly affects the density

of dangling bonds, measured by the constant photo-
current method [18]. Compression strongly quenches

the photoluminescence in a-Si:H [19], which indi-

cates that raising the pressure suppresses radiative

recombination in favor of non-radiative tunneling to

defects.

Using the experimental results of Refs. [14–17], we

have linked the reduction in the optical band gap of

intrinsic a-Si:H under compression to the increased
disorder and its effect on the field-effect mobility in a-

Si:H. The decrease in the mobility under compression

derived from Refs. [14–17] and the mobility drop in our

a-Si:H TFTs agree within a factor of two [1].
5. Conclusions

We applied uniaxial strain ranging from 1% com-

pressive to �0.3% tensile to a-Si:H TFTs on polyimide

foil by bending them inward or outward, or by stretch-

ing them in a microstrain tester. Compression reduces

and tension raises the field-effect mobility. These chan-

ges in the mobility qualitatively agree with earlier

observations of the piezoresistive effect in a-Si:H. They
appear to be caused by the changes in the slope of the
conduction band tail of the a-Si:H channel material.

We also applied biaxial strain to a-Si:H TFTs by

deforming a flat substrate into a spherical dome. The

changes in the TFT mobility under biaxial strain qual-

itatively agree with those under uniaxial strain. We show

that field-effect mobility can be employed as an indicator

of mechanical strain.
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