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Woven Electrochemical Transistors on Silk Fibers

Christian Miiller,* Mahiar Hamedi, Roger Karlsson, Ronnie Jansson, Rebeca Marcilla,

My Hedhammar, and Olle Ingandis

Fiber-based opto-electronic components such as light-emitting
diodes (LEDs),["? solar cells,>~! electrochromic pixels®) and tran-
sistors’~12 attract increasing attention for their alternative, non-
planar device architectures, which readily permit integration into
‘smart’ fabrics. Furthermore, devices such as transistors facilitate
advanced patterning schemes of electronic circuitry through judi-
cious weaving.’"1?l In particular conjugated polymers are suited
as the (semi)conductor since they either inherently possess the
required mechanical toughness or can be processed together with
suitable structural polymers—including both, natural and synthetic
macromolecules!'*!“- and thus permit the manufacture of flex-
ible artifacts such as tapes and fibers. Without doubt, one of the
most alluring textile materials is silk from the silkworm Bombyx
mori with its delicate texture and brilliant luster. Besides, once
thoroughly degummed Bombyx mori silk offers a high degree of
biocompatibility" which is an indispensable characteristic in
particular for electronic devices that are intended to operate in a
biological environment. As a result, the design of optical,'®'"l elec-
tricall®®1°1 and electronic?’ components on silk-based templates
has been the subject of much recent research. However, all exam-
ples have —so far— been limited to devices that comprised inorganic
metal/semiconductor thin-film structures on ‘silk films’ that were
produced from dissolved silk proteins. Clearly, although attractive
due to their biodegradability (cf. Ref. 19 and 20) such architectures
fail to benefit from the extraordinary mechanical properties of pris-
tine silk fibers?!?2l and cannot be woven into fabrics. In a previous
report, we have demonstrated that conjugated polyelectrolytes—
compounds that are uniquely suited to functionalize polypeptide
structuresi?3-2%] —permit facile staining of recombinant spider silk
as well as natural Bombyx mori silk.'] Depending on the choice
of conjugated polyelectrolyte this approach enabled us to produce
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electrically conductive or photoluminescent fibers. Here, we
explore by which means such conducting silk fibers can be incor-
porated as the structural as well as active component into elec-
trochemical transistors (ECT5) that employ an electrolyte mixture
composed of imidazolium-based ionic liquids as the electrochem-
ical medium. ECTs offer unique possibilities for the realization of
fiber-based electronic circuits because of their relative insensitivity
to the precise device geometry.!! Ultimately, we anticipate that
such components will permit fully integrated woven logic based
on silk fibers.

We elected to work with silk fibers from the silkworm
Bombyx mori because of their availability and widespread use in
textile manufacturing. Discrete degummed silk fibers and threads
thereof were obtained from Aurora Silk (Portland, Oregon, USA)
and were used as received. As the conjugated polyelectrolyte we
chose the water-soluble poly(4-(2,3-dihydrothieno|3,4-b]-{1,4]dioxin-
2-yl-methoxy)-1-butanesulfonic acid) (PEDOT-S) (Figure 1a), which
was prepared according to previously published procedures.!*>%’]
Efficient staining with PEDOT-S was achieved by submerging
fibers for one hour in aqueous PEDOT-S solution (10 g L) with
conditions in accordance with our report on dyeing of recom-
binant silk fibers (pH 2 and 90 °C; cf. Ref. 13). Then, excess
PEDOT-S was removed with ethanol, subsequent to which fibers
were tried under tension. Such prepared fibers with a typical
diameter D of 50-100 um and length L of up to 20 cm displayed
a bulk electrical conductivity ¢y = (4.4 £ 1.5) 102 S cm™; cor-
rected for the fiber length and cross section according to gy =
R . L. 47'D?2 where R is the resistance of a fiber section of
length L and diameter D. For comparison, for a 10 cm long fiber
this translates to R ~ 3-12 MQ, which ultimately will have to be
reduced significantly in order to minimize resistive losses in larger
arrays of woven devices. Unfortunately, ¢, unfavorably compared
to the conductivity cpgpors of spin-coated 60-80 nm thin PEDOT-
S films, which we measured to be cpppor.g = 18 £ 4 S cm™. This
discrepancy can be accounted for at least to some extent by con-
sidering that a large fraction of our fibers is composed of insu-
lating protein material. In addition, it is important to note that the
PEDOT-S used in this study is of rather low molecular weight,’]
the increase of which can be expected to improve the formation of
percolation pathways along the fiber as well as the conductivity of
the conjugated polyelectrolyte in absolute terms. A parallel strategy
would be to increase the volume fraction of the bound dye. Cer-
tainly, the here utilized method to produce conducting silk fibers is
readily compatible with traditional silk dyeing routines, which fre-
quently involve acidic aqueous dye solutions and elevated tempera-
tures.”2) As we have reported, PEDOT-S interacts with silk through
favorable electrostatic interactions and durably dyes the fibers
throughout their bulk.'¥l This is in contrast to previous attempts
to produce conducting textile fibers, which often championed
more laborious and less robust coating of for instance polyamide,
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Figure 1. a) The chemical structure of the imidazolium-based
ionic liquid:polymer ionic liquid (IL:PIL) electrolyte mixture [bmim]
[Tf,N]:poly[ViEtIm][Tf,N] and the conjugated polyelectrolyte dye PEDOT-S.
b) Microscopy image of a silk fiber-based ECT device with source (S),
drain (D), and gate (G) as indicated. A drop of IL:PIL bridges the gap
between the two fibers at the cross-junction. Note that the source-drain
fiber has split into monofilaments close to S.

polyaramide as well as silk fibers with conducting polymers from
solution(®11282% or by means of in situ polymerization.30-32
Electrochemical transistors (ECTs) were fabricated by
arranging PEDOT-S stained fibers, which consisted of a number
of monofilaments (Figure 1b), in a simple cross-junction con-
figuration. The gap between the two fibers was bridged with a
drop of a 1:1 electrolyte mixture by weight of the ionic liquid
(IL) 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonim
ide) ([bmim][Tf,N]) and the corresponding polymer ionic liquid
(PIL) poly(1-vinyl-3-methylimidazolium) bis(trifluoromethane
sulfonimide) (poly[ViEtIm][Tf,N]) (Figure 1a).33l The two ends
of one of the two fibers represented the ECT source and drain
terminals, whereas the orthogonal fiber served as the gate elec-
trode. The transistor channel was defined by the contact area
of the IL:PIL electrolyte mixture with the source-drain fiber. An
optical micrograph of a complete silk fiber ECT is displayed in
Figure 1b. It should be noted that the function of the two fibers
as well as of the source and drain terminals is readily inter-
changeable, which adds to the versatility of our woven ECTs.
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Operation of an ECT is facilitated by a reversible redox
process that alters the conductivity of the transistor channel in
contact with a common electrolyte. The device characteristics
of individual fiber ECTs were measured under ambient con-
ditions using a Keithley 4200 parameter-analyzer. Electrodes
could be addressed with crocodile clamps or fixated with silver
paste (Agar Scientific) to provide for a more permanent con-
nection. A typical set of output, transfer and transient curves is
displayed in Figure 2. Upon application of a sufficiently positive
gate voltage V,, PEDOT-S in the transistor channel is dedoped,
which results in a significant reduction of the channel conduc-
tivity and thus a much decreased drain-source current I. The
output characteristics of the device presented in Figure 2a show
saturation of Iy, with increasing drain-source voltage Vy. The
transfer characteristics reveal an ON/OFF ratio of approximately
2 orders of magnitude, i.e. the ratio of Iy in the ON state at V, =
0V and in the OFF state at V, > 1.2 V (Figure 2b). Other devices
that we had fabricated displayed an ON/OFF ratio of up to 2.5
orders of magnitude, which is an adequate value for ECTs, '3
although changes in conductivity of up to 5 orders of magni-
tude can be achieved.” Furthermore, we found that the turn-
off voltage Vogr, here defined as the gate voltage at which the
absolute gate current || rises above |I4, varied between 1 and
1.5 V (Vopr = 1.2 V for the device characteristics displayed in
Figure 2). This highlights the sensitivity of ECT operation to the
precise contact area between the IL:PIL electrolyte mixture and
the gate as well as channel, which were prone to variation if the
fibers were permitted to move relative to each other, whereas the
exact distance between the source-drain and gate fiber as well
as the amount of IL:PIL electrolyte mixture are less important.
Thus, eventually the operation voltage of circuits based on these
devices should be selected to be sufficiently high, e.g., 1.5V,
in order to allow for variance in Vggp. Nevertheless, our silk
fiber-based ECTs displayed good current modulation and grati-
fyingly low operation voltages, a crucial requirement if such
devices are to be integrated into wearable textiles. The relatively
high I, is intrinsic to ECTs and ultimately limits the packing
density of devices along a fiber, which need to be spaced a dis-
tance 2- D apart in order to avoid cross-talk (cf. Ref. 11).

Unfortunately, the switching speed of our transistors was
relatively low as evidenced by the Iy transient displayed in
Figure 2c, which indicates that one full ON-OFF period took
about one minute. This is little surprising since the electro-
chemical response time upon a variation in V, is related to the
volume of channel material that requires dedoping/doping
and its contact area with the IL:PIL electrolyte mixture. Our
silk fibers were stained with PEDOT-S throughout the bulk
(cf. Ref. 13), which unfavorably compares with for instance
400-nm  thick  poly(3,4-ethylenedioxythiophene):poly(styre
ne sulfonic acid) (PEDOT:PSS) films laterally gated with a
poly(sodium 4-styrenesulfonate)-based electrolyte that have
been demonstrated to allow an approximately 6 times faster
switching speed (cf. Ref. 36 and 37). However, we believe that,
in principle, the switching speed of silk fiber-based ECTs can be
increased substantially by allowing the IL:PIL electrolyte mixture
to more efficiently penetrate the free volume between monofila-
ments, which can have a fineness of down to 1 dtex only, i.e.,
D ~ 10 um (cf. Figure 1b and Ref. 22). The resulting increase
in the effective contact area between PEDOT-S and the IL:PIL
electrolyte mixture would permit considerably faster dedoping
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Figure 2. a) Output characteristics of a silk fiber-based ECT showing the
drain-source current 4, with respect to the drain-source voltage V.. The gate
voltage V; was varied from 0 to 1.2 V. b) Corresponding transfer character-
istics showing I4s with respect to the applied V,. The gate current I, is also
shown. Vg =-1V. ¢) Corresponding transient characteristics showing Iy as a
function of time t during repeated switching of V, between 0 and 1.2 V.

of the transistor channel. In fact, we noted that using a IL:PIL
mixture with a higher PIL content, e.g., 75 wt%, and thus
increased viscosity less conformally coated the surface of our
PEDOT-S stained silk fibers, which resulted in much reduced
switching speeds than reported here.
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Most interestingly, our silk fiber-based ECTs could be rinsed
with distilled water without any noticeable deterioration of
device performance, which confirms not only the strong binding
between PEDOT-S and silk proteins but also demonstrates the
good environmental stability of our devices.

Besides an appreciable level of electrical conductivity, the reali-
zation of silk-based electronic textiles also demands excellent
mechanical toughness of all fibers that are to be woven into fab-
rics. Principally, this is because the process of weaving can exert
significant stress on the fiber material and, in addition, the use
of strong fibers will guarantee robust woven articles. Thus, in a
further set of experiments we investigated the mechanical prop-
erties of our PEDOT-S stained silk fibers. To this end fibers with
D ~50-100 um and a gauge length of 8 mm were tensile drawn
at ambient temperature with a TA Instruments DMA Q800 V7.4
analyzer using a ramp force of 0.2 N min™!. Representative stress-
elongation curves are displayed in Figure 3a. We find that whereas
pristine fibers featured a Young’s modulus E=9.5 + 1.2 GPa, elon-
gation at break &,,,, = 14% * 3% and true stress at break oy, =
Omax (1 + €may/100) = 502 + 42 MPa (here, Oy, is the nominal
maximum stress at break), staining with PEDOT-S appeared

a
500 T
400_' pristine ]
300 F ;
o I
= [ PEDOT-S stained
® 200f ]
100 ]
0 i i i n 1 i i i i 1 i i i i 1 i i i n
0 5 10 15 20
el %
b

Figure 3. a) Stress-elongation o-¢ curves of a representative pristine
Bombyx mori silk fiber as well as a fiber stained with PEDOT-S.
b) Photograph of a basket-weave fabric manually woven with pristine as
well as PEDOT-S stained Bombyx mori silk threads.
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to have weakened the silk fibers, which displayed a similar
E =821 1.6 GPa and ¢g,,, = 11% * 4% but much reduced
Oue = 380 £ 69 MPa. Nevertheless, our conducting silk fibers
could be subjected to manual weaving as illustrated by a pho-
tograph of a basket-weave fabric produced with pristine as well
as PEDOT-S stained Bombyx mori silk threads (Figure 3b). Fur-
thermore, it is interesting to note that the PEDOT-S stained silk
fibers were unaffected by such rough handling, i.e., threading
of a conventional sewing needle followed by stitching, as they
still displayed the same degree of electrical conductivity that we
had measured directly after dyeing. More careful experiments
revealed that ¢y, didn't suffer as long as fibers were not elongated
by more than € ~ 2%, i.e., as long as deformation was ensured to
be mostly elastic (cf. Figure 3a). Instead, when fibers were elon-
gated further, g decreased irreversibly.

In conclusion, this first demonstration of silk fiber-based
ECTs is a significant step towards the realization of electronic
textiles and flexible organic electronics in general through
the combination of a traditional textile material and carefully
chosen polyelectrolyte chemistry. Our approach is readily appli-
cable to established silk processing schemes and the good
mechanical as well as environmental stability of our devices add
to their unique potential. Furthermore, the use of fibers that
consist of a multitude of monofilaments is unlike previously
demonstrated synthetic monofilament cross-junction ECTs!!!
and offers the possibility to design three-dimensional electro-
chemical devices. A higher area to volume ratio as compared to
thin-film devices would not only allow to increase the switching
speed of the here discussed ECTs but may also be of relevance
for other applications such as textile-based sensors or batteries.
Finally, the use of biologically relevant electrochemical media
may permit to interrogate novel device paradigms that facilitate
direct interaction with living systems.

Acknowledgements

We would like to acknowledge funding from the Swedish Foundation
for Strategic Research (SSF) through the programme Organic hybrid
Printed Electronics and Nanoelectronics (OPEN) as well as Vinnova,
Formas and The Swedish Research Council. In addition, we express our
gratitude to Dr. A. K. Berglund for kindly assisting us with her expert
photography skills.

Received: October 1, 2010
Revised: November 16, 2010
Published online: December 20, 2010

[1] E. Westerweele, P. Smith, A. |. Heeger, Adv. Mater. 1995, 7, 788.

[2] B. O’Connor, K. H. An, Y. Zhao, K. P. Pipe, M. Shtein, Adv. Mater.
2007, 19, 3897.

[3] J. W. Liu, M. A. G. Namboothiry, D. L. Carroll, Appl. Phys. Lett. 2007,
90, 063501.

[4] B. O'Connor, K. P. Pipe, M. Shtein, Appl. Phys. Lett. 2008, 92, 193306.

[5] M. R. Lee, R. D. Eckert, K. Forberich, G. Dennler, C. |. Brabec,
R. A. Gaudiana, Science 2009, 324, 232.

[6] M. A. Invernale, Y. Ding, G. A. Sotzing, Appl. Mater. Interfaces 2010, 2, 296.

www.advmat.de

[7] A. Bonfiglio, D. De Rossi, T. Kirstein, I. R. Locher, F. Mameli,
R. Paradiso, G. Vozzi, IEEE Trans. Inform. Technol. Biomed. 2005, 9,
319.

[8] M. Maccioni, E. Orgiu, P. Cosseddu, S. Locci, A. Bonfiglio, Appl.
Phys. Lett. 2006, 89, 143515.

[9] E. Bonderover, S. Wagner, IEEE Electron Device Lett. 2004, 25, 295.

[10] J. B. Lee, V. Subramanian, IEEE Trans. Electron Devices 2005, 52,
269.

[11] M. Hamedi, R. Forchheimer, O. Inganis, Nat. Mater. 2007, 6, 357.

[12] M. Hamedi, L. Herlogsson, X. Crispin, R. Marcilla, M. Berggren,
O. Inganis, Adv. Mater. 2009, 21, 573.

[13] C. Miiller, R. Jansson, A. Elfwing, G. Askarieh, R. Karlsson,
M. Hamedi, A. Rising, . Johansson, O. Inganis, M. Hedhammar,
J. Mater. Chem. , DOI:10.1039/C0JM03270K.

[14] C. Miiller, S. Goffri, D. W. Breiby, J. W. Andreasen, H. D. Chanzy,

R. A. J. Janssen, M. M. Nielsen, C. P. Radano, H. Sirringhaus,
P. Smith, N. Stingelin-Stutzmann, Adv. Funct. Mater. 2007, 17, 2674.

[15] G. H. Altman, F. Diaz, C. Jakuba, T. Calabro, R. L. Horan, ]. Chen,
H. Lu, J. Richmond, D. L. Kaplan, Biomaterials 2003, 24, 401.

[16] B. D. Lawrence, M. Cronin-Golomb, |. Georgakoudi, D. L. Kaplan,
F. G. Omenetto, Biomacromolecules 2008, 9, 1214.

[17] S. T. Parker, P. Domachuk, ). Amsden, . Bressner, J. A. Lewis,
D. L. Kaplan, F. G. Omenetto, Adv. Mater. 2009, 21, 2411.

[18] H.Tao, J. ). Amsden, A. C. Strikwerda, K. Fan, D. L. Kaplan, X. Zhang,
R. D. Averitt, F. G. Omenetto, Adv. Mater. 2010, 22, 3527.

[19] D.-H. Kim, . Viventi, J. J. Amsden, ]. Xiao, L. Vigeland, Y.-S. Kim,

J. A. Blanco, B. Panilaitis, E. S. Frechette, D. Contreras, D. L. Kaplan,
F. G. Omenetto, Y. Huang, K.-C. Hwang, M. R. Zakin, B. Litt,
J. A. Rogers, Nat. Mater. 2010, 9, 11.

D.-H. Kim, Y.-S. Kim, J. Amsden, B. Panilaitis, D. L. Kaplan,

F. G. Omenetto, M. R. Zakin, J. A. Rogers, Appl. Phys. Lett. 2009, 95,

133701.

[21] Z. Z. Shao, F. Vollrath, Nature 2002, 418, 741.

[22] H. Eberle, R. Kilgus, Clothing Technology, 5th Ed, Verlag Europa-

Lehrmittel, Haan-Gruiten, Germany, 2008 .

K. P. R. Nilsson, J. Rydberg, L. Baltzer, O. Inganis, Proc. Natl. Acad.

Sci. USA 2004, 107, 11197.

[24] A. Herland, P. Bjork, K. P. R. Nilsson, J. D. M. Olsson, P. Asberg,
P. Konradsson, P. Hammarstrém, O. Ingands, Adv. Mater. 2005, 17,
1466.

[25] A. Herland, P. Bjérk, P. R. Hania, I. G. Scheblykin, O. Inganés, Small
2007, 3, 318.

[26] M. Hamedi, A. Herland, R. H. Karlsson, O. Inganis, Nano Lett.
2008, 8, 1736.

[27] R. H. Karlsson, A. Herland, M. Hamedi, J. A. Wigenius, A. Aslund,
X. Liu, M. Fahlman, O. Inganis, P. Konradsson, Chem. Mater. 2009,
21, 1815.

[28] W. A. Daoud, J. H. Xin, Y. S. Szeto, Sens. Actuators B 2005, 109, 329.

[29] R. Bhattacharya, M. M. de Kok, J. Zhou, Appl. Phys. Lett. 2009, 95,
223305.

[30] H. H. Kuhn, A. D. Child, W. C. Kimbrell, Synth. Met. 1995, 71, 2139.

[31] E. L. Mayes, F. Vollrath, S. Mann, Adv. Mater. 1998, 10, 801.

[32] K. H. Hong, K. W. Oh, T. J. Kang, J. Appl. Polym. Sci. 2005, 97, 1326.

[33] R. Marcilla, F. Alcaide, H. Sardon, J. A. Pomposo, C. Pozo-Gonzalo,
D. Mecerreyes, Electrochem. Commun. 2006, 8, 482.

[34] J. T. Mabeck, J. A. DeFranco, D. A. Bernards, G. G. Malliaras,
S. Hocdé, C. ). Chase, Appl. Phys. Lett. 2005, 87, 013503.

[35] T. Johansson, L. A. A. Pettersson, O. Inganis, Synth. Met. 2002, 129,
269.

[36] D. Nilsson, N. Robinson, M. Berggren, R. Forchheimer, Adv. Mater.
2005, 77, 353.

[37] D. Nilsson, R. Forchheimer, M. Berggren, N. Robinson, IEEE Proc.
Circuit Theory and Design 2005, 3, 349.

20]

(23]

Adv. Mater. 2011, 23, 898-901

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com

901

o
o
3
=
G
2
a
-
o
<=






