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Spin on dopants for high-performance single-crystal silicon transistors
on flexible plastic substrates
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Free-standing micro/nanoelements of single-crystal silicon with integrated doped regions for
contacts provide a type of material that can be printed onto low-temperature device substrates, such
as plastic, for high-performance mechanically flexible thin-film transist@fsTs). We present
simple approaches for fabricating collections of these elements, which we refer to as
microstructured silicorius-Si, and for using spin-on dopants to introduce doped regions in them.
Electrical and mechanical measurements of TFTs formed on plastic substrates with this doped
us-Siindicate excellent performance. These and other characteristics make the material potentially
useful for emerging large area, flexible ‘macroelectronic’ device005 American Institute of
Physics [DOI: 10.1063/1.1894611

Large area, mechanically flexible electronic systemssource and drain windows in the SOG. After stripping the
known as macroelectronics, are attractive for a range of ap-esist, we uniformly deposited a phosphorus containing SOD
plications in consumer electronics, sensors, medical devicegrilmtronic) by spin casting. RTA at 950 °C for 5 s caused
and other areas® A variety of organic, inorganic, and the phosphorus from the SOD to diffuse through the litho-
organic/inorganic hybrid materials have been explored agraphically defined openings in the SOG and into the under-
semiconductors for these systei’ny\/e recently demon- lying silicon. The SOG blocked diffusion in the other areas.
strated a “top-down” technology for generating single crystaiThe wafer was rapidly cooled to room temperature, im-
silicon micro/nanoelementéwires, ribbons, platelets, etc., mersed in BOE for 90 s to remove both the SOG and SOD
which we refer to collectively as microstructured silicon, @nd then thoroughly washed with DI water to complete the
us-S) that can be printed onto plastic substrates for highdoping process. _ .
performance thin film transitofsThe same strategy can be e used techniques described previously to create the
used with other important semiconductors, such as GaA#s-.Sl ar!d prlnt it onto plastic substrates of PET coated with
InP, GaN, eté One of the key characteristics of this ap- INdium tin oxide (ITO; 100 nm, gate electrofieand epoxy
proach is its use of high quality, wafer-based sources of the
semiconductor, which are grown and processed separately
from the plastic device substrate. Here we show that it is
possible not only to grow but also to selectively contact dope
the semiconductor in steps that are performed independently o)
from the low temperature substrates. We demonstrate, in par-
ticular, that spin on doping procedures performed at the wa-
fer level can yieldus-Si with integrated doped regions. Elec-
trical and mechanical characterization of transistors formed
on plastic substrates with these materials illustrates the good
performance and excellent bendability that can be achieved.

Figure Xa) presents schematically the fabrication pro-
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cess forus-Si transistors with doped sour€g) and drain _ 3. Pattern Ti S/D electrodes ITO/
(D) contacts on PET substrates. The approach uses a solutior Mylar
processable spin-on dopaf80D) to dope selected regions
of the top silicon layer of a silicon-on-insulator waf&0Ol; b)

Soitec unibond with a 100 nm top Si layer and 200 nm bur-
ied oxide. This doped SOl provides the source of silicon for
the us-Si. To produce thigs-Si, we spin cast a spin-on glass
(SOQ solution(Filmtronic) onto a SOI wafer and exposed it
to rapid thermal annealingRTA) at 700 °C for 4 min to
form a uniform film (300 nm thickness Etching[6:1 buff- 15 1 (color onling (a) Schematic illustration of process steps for fabri-
ered oxide enchanBOE) for 50 s through a lithographi-  cating flexible single crystal silicon transistors with doped contacts on plas-

cally patterned layer of photoresiéBhipley 1805 opened tic substrates. A spin-on dopa(8OD) provides the phosphorus dopant. A
spin-on glas§SOQG serves as a mask to control where dopant diffuses into
the silicon. After doping, the silicon is removed from the wafer and transfer
dauthor to whom correspondence should be addressed; electronic maiprinted onto a plastic substrate where device fabrication is compléigd;
jrogers@uiuc.edu optical images of an array of devices on a plastic substrate.
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FIG. 2. (Color onling (a) Width normalized resistandéRy,W) measured €)2500 d) 300
between two contacts as a function of L on uniform, highly dopseSi thin t
film. The intercept of a linear fit to these data gives a contact resistance. — 20003 _
Inset shows the test structures for evaluating the contact resistéce; g 1500 § 200
phosphorus concentration in a silicon film with patterned doping, as evalu- ¢ “E
ated by TOF-SIMS. o
=_1000 =
o = 100 E
. . . 500
(SU8; 600 nm, gate dielectiié The epoxy not only provides Iﬁﬁgf"et'ddwed
the dielectric, but also facilitates the transfer printing of the ondTL L L ol NP,
,us-Si.8 Source and drain electrodes of {100 nm) were o 20 L4?pn$;) 80 100 o 20 EO(H;O) 80 100

formed on the doped contact regions by an aligned photo-

lithography step followed by etch back. Figurébllshows  FiG. 3. (a) Typical current-voltage characteristics of a single crystal silicon
images of several devices. transistor with doped contacts on a PET substrate, Wwitf7 um and W
We estimated the doping levels and the contact resis=200 um. From bottom to topVg varies from -2 to 6 V;(b) transfer
. e . curves(V4=0.1 V) of devices with channel lengths, from top to bottom, of
tanqes using a standard tra-nsmlssmn line m(ﬁm,EM)' In 97,72, 47, 22, 7, and 2m. The channel width in each case is 20; (c)
pamCUlarv we measured resistances between T_' contact paggith-normalized resistance of devices in the ON stReW) as a function
with separationsL) between 5 and 10@m and widths(W) of channel lengtt. at different gate voltages. The solid lines represent linear
of 200 um [inset in Fig. 2a)] on uniformly dopedus-Si on fits. The scaling is consistent with contacts that have negligible influence on
plastic. The linear currentl) vs. voItage(V) curves (not device performance for th_lf range o_f channel Iengths_. Inset shows the sheet
- . conductanc¢A(R,,W)/AL]™, determined from the reciprocal of the slopes
.ShOWn mqute that the contacts are ohmic a_nd that the dopaf the linear fitting in(c), as a function of gate voltagéd) effective mobil-
ing level is high. The dependence of the resistancé gan ity, evaluated in the linear regime, as a function of channel length for the
be described byRyi=2R.+ (RJ/W)L, whereRyy (=V/1) is devices with undope(triangle and dopedsquarg contacts.
the resistance between two contact pdgsjs the contact
resistance, ants is the sheet resistanderigure 4a) plots

the normalized resistancB,,W, as a function ot.. Linear . . o
fiting of RguW gives R.=228+50/sq, and RW bility and contact resistanceln this simple modelR,, con-

~1.7+0.05Q cm. The value of normalized contact resis- Sists of.the series addition of the.channel resistaw_ttﬂach Is
tanceR.W is more than an order of magnitude lower than propo_rtlonal t_OL) and the combmeq contact reystgrﬁ@
what we observed for undopags-Si processed in a similar associated with the source and drain elgctrodes. Flg(l@e 3
manner. The resistivity is about 2.8 10 Q cm, which cor-  Shows thatR;, as determined from the intercepts of linear
responds to a doping level of ¥ocm?® if we assume, for fitting, is negligible compared to channel resistance for all
simplicity, that the doping is uniform through the 100 nm channel lengths evaluated. The inset shows the variation of
us-Si film. As illustrated by the time-of-flight secondary ion Sheet conductance, as determined from the reciprocal of the
mass spectroscopfTOF-SIMS measurements in Fig(®,  slope of linear fitting in Fig. &), with gate voltage. The
the use of patterned SOG as a diffusion bar¢fg. 1) lo-  linear fit to these data gives an intrinsic device mobility of
calizes the dopants to desired regions in the silicon. In this~270 cnf/V's, and an intrinsic threshold voltage of2 V.
image, the bright red color indicates high phosphorus con- Figure 3d) compares the effective mobilitiegy;, of
centration. undoped and contact-dopegs-Si transistors evaluated
Figure 3 shows measurements of typical contact-dopedirectly from transfer characteristics measured in the linear
us-Si transistors on an epoxy/ITO/PET substrate. Figiae 3 regime (i.e., contact effects are not subtragted-or
plots the current-voltage characteristics of a devite the undoped devices,u.; decreases rapidly from
=7 um,W=200 um). The effective device mobilitfuy) is 200 to 50 crd/V's with decreasing the channel length
~240 cnt/V s in the linear regime and-230 cnf/Vs in  from 100 to 5um. The contacts begin to dominate device
the saturation regime, as determined by application of starPehavior at channel lengths below50 um. In the contact
dard field-effect transistor modéi%Figure 2b) shows trans- doped case, the mobilities are around 27G /s, with
fer characteristics of devices with channel lengths between 210% variation with channel length over this range, which
and 97um and channel widths of 20@m. The ON to OFF is in consistent with the intrinsic device mobility determined
current ratios in all cases arel0*. Figure 3c) presents the from inset of Fig. 8c). These data provide additional evi-
resistance of the devices measured in ON gf@fg) at small  dence that these devices show negligible effects of contact
drain voltages, and multiplied bW, as a function ofL at  resistance. We note that, in addition to the different mobili-

different gate voltages. Linear fits 8&,W vs.L at each gate ties, the devices with doped contacts are more stable, more
Downloaded 07 Jun 2005 to 130.126.101.208. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

voltage provide information about both intrinsic device mo-
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a) Bending Radii (mm) change ofue/ moers after several hundred bending cycles that
B 3% © '8 i cause compressive strain at the device to vary between 0%
141 1 = 100um and 0.98%. Little change in the properties of the devices was
.- e 75um observed; after 350 cycles, thesq/ uoer, the threshold volt-
N . L+ 4] 4 50um age and the on/off ratio change by less than 20%. These
181.0_ BN B NI fg im results indicate good fatigue stability pf-Si transistors?
} ‘.' L I In summary, this letter demonstrates a spin-on dopant
osl * AP ° process for contact-doped single crystal silicon transistors on
tension compression p_Iastic substrates. Scaling analysis _inc_Jicates t_hat this process
0.6¢ yields devices that are not contact limited, which creates the
05 00 05 70 possibility for high frequency silicon devices on plastic sub-
Strain (%) strates. This feature, combined with the remarkably good
b) mechanical flexibility and fatigue stability of the devices,
14l ' ' ' | make this contact dopeds-Si approach a promising poten-
tial route to flexible macroelectronic systems.
& 2. * ¢ The work was partially supported by the Defense Ad-
\12 10r ; . - vanced Projects Agency under Contract No. F8650-04-C-710
=° h v s and by the U.S. Department of Energy under Grant No.
081 1 DEFGO02-91-ER45439. Devices were fabricated using the
sl * ] Frederick Seitz Materials Research Laboratory facilities and
’ . . . characterized in the Center for Microanalysis of Materials,
100 200 300 400 University of lllinois, which is partially supported by the
Bending Cycle (Times) U.S. Department of Energy under Grant No. DEFG02-91-
ER45439.
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induced strain(bend radius Negative and positive strains correspond to 21487(2000-
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shows the change of the effective device mobility, normal- (2005. - R _
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train (or bendi dius N ti d it trai between a native SiJayer and the Si, rather than between the Si and the
strain{or bending radiu egalive and posiuve strains cor- epoxy. In this case, the dielectric is a composite, consisting of the native

respond to tension and compression, respectively. For thissjo, and the epoxy. The details represent topics of current study.
range of straingcorresponding to bend radii down tel cm °S. Luan and G. W. Neudeck, J. Appl. Phy&2, 766 (1992.

for the 200um thick substrate we observed only small 'S- SzePhysics of Semiconductor Devicéiley, New York, 1981.
(<20% in most cas@schanges inues/ moesr, the threshold T. Sekitani, Y. Kato, S. Iba, H. Shinaoka, and T. Someya, Appl. Phys. Lett.
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ibi"tY_ is comparable_ to that re or_ted for organic aa€bi Note that the devices with doped contact have better fatigue stability than
transistors on plastic substrateskigure 4b) presents the  the undopedus-Si TFTs.
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