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_ Abstract—We fabricated CMOS circuits from polycrystalline Polysilicon films best suited for TFTs are made by crystal-
silicon films on steel foil substrates at process temperatures up |ization of a-Si:H precursor films [3]. Crystallization techniques

to 950 °C. The substrates were 0.2-mm thick steel foil coated ; ; ; ;
with 0.5-um thick SiO,. We employed silicon crystallization [7] include furnace annealing [8], rapid thermal annealing by

times ranging from 6 h (600 °C) to 20 s (950°C). Thin-film Iamp heating [9], anq Iaserc_rystallizatio_q [5], [;0]. Furnace an-
transistors (TFTs) were made in either self-aligned or non- Nhealing produces highly uniform polysilicon films over large
self-aligned geometries. The gate dielectric was SiOmade areas, and is a proven batch process. Because the strain points
by thermal oxidation or from deposited SiO.. The field-effect of affordable substrate glasses lie about 8G9 crystallization
mobilities reach 64 cnt /Vs for electrons and 22 c¢rd/Vs for o fyrther processing are restricted to temperatures at or below

holes. Complementary metal-oxide-silicon (CMOS) circuits were . . N L
fabricated with self-aligned TFT geometries, and exhibit ring ~ 600°C, which requires crystallization and ion-implant an-

oscillator frequencies of 1 MHz. These results lay the groundwork Nealing times as long as 20 h [11], [12]. Catalyzed crystalliza-
for polycrystalline silicon circuitry on flexible substrates for tion can reduce this time te 5 h [13]-[15], which still is long

large-area electronic backplanes. when compared to the process step throughput of one plate per
Index Terms—Complementary metal-oxide-semiconductor de- minute desired of the single-substrate cluster tools employed in
vices (CMOS), thin-film circuits, thin-film transistors (TFTs). the manufacture of active-matrix liquid-crystal displays. To find

a fast and furnace-based crystallization process for large areas
of low-cost substrates to enable the integration of driver circuits

o _ _ _ .. . for active matrices has been the primary goal of our research
I NTEGRATING switching matrices with driver circuits is [24]-[26].

becoming more attractive for the backplangs of d's.plays’a-Si:H TFTs have been successfully fabricated on stainless
sensor arrays, and of other large-area electronics appllcatlops
. . Steel substrates at process temperatures up t63GQ06]. The

[1], [2]. The currently dominant display backplane technologP{1e

is based on hydrogenated amorphous silicon (a-Si:H) thin-film lting points of steels lie about 148@, close to the melting

transistors (TFTs). It is difficult to use a-Si:H TFTs for drivell.OOInt of smg_lg crystal silicon of 1412C. This paper shows that
integrated silicon/steel structures can be processed together to

circuits, because the electron mobility in a-Si:H is low and : .

. very high temperature as long as they are prevented by barrier
p-channel TFTs cannot be made [3]. Therefore, separate inte- . :

ayers from reacting with each other. The temperature for crys-

grated circuit (IC) drivers are made externally and ConneCt?alizing the amorphous precursor film can be raised to raise

LoaéEeI:r?:ks\I/\i?cehilr? hymbar;gxcwzlr?%a;'o drlf\}elrr:ev%gﬁlgnrgglfzﬁ'le crystal nucleation rate and the crystal growth rate exponen-
P 9 ﬁally, so that the crystallization time is reduced dramatically

the display manufacturing cost and also the failures that arj_ 1-{19]. In this way, we utilize the high-temperature toler-

from the large amount of external wiring. Fully polycrystallin Ance of steel to develop a polysilicon-on-steel process that be-

silicon (polysﬂwqq) [4], hybrid pol)./smcon/a-Sl. [5], and ginswiththerapidfurnacecrystallizationtimeofa—Si:Hofmin-
nanocrystalline silicon [6] are candidate materials for thutes or seconds

integration. ] ] . o
Another attractive feature of steel substrates is their flexibility
and ruggedness. a-Si:H TFTs on sufficiently thin steel foil sub-
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opaque, it can be used for emissive and reflective, but not tra
missive displays.

We crystallized polysilicon films on steel at temperatures
ranging from 600°C to 950 °C, with crystallization time
ranging from~ 6 h at 650°C to 20 s at 950°C. To test
mobility, we first made coplanar top-gate TFTs in a non o
self-aligned geometry with a deposited source/drain, and the T
in a more conventional self-aligned geometry with ion-im-& e 5 MM
planted source/drain. In some of our TFTs we grew the gat & & "= - e N
dielectric by the direct oxidation of the polysilicon (-on-steel)f = s '
as is done in a conventional IC process. Using the self-aligne
TFT process, we also made polysilicon complementa ok i
metal-oxide-semiconductor (CMOS) circuits on steel with¥ X EIEL ST s S

. . . F 10.0kV 3.0 6000k SE 215"PNB 2 14 :
CMOS inverters and ring oscillators. :

Il. EXPERIMENTS

A. Substrate Preparation

The 200um thick foils of AISI grade 304 stainless steel
(Fe/Cr/Ni 72/18/10 wt.%) were cleaned with acetone ang
methanol. To reduce the roughness of the steel foil surface,
210-nm thick planarizing film of phosphorus-doped (0.5%
spin-on glass was applied to both sides and baked. The
a 270-nm thick film of SiQ was deposited on both sides
by plasma-enhanced chemical vapor deposition (PECVLO
at a substrate temperature of 25Q. Substrates were then [
heated in a tube furnace from 45Q to 800°C and cooled to s e mp e )
600 °C, at a heating/cooling rate of 82/min. Fig. 1 shows .
the scanning electron micrographs (SEMS) of (a) a bare Alg

(b)

304 steel surface and (b) the substrate surface coated wifl.5;m Sio, insulation layer.
the ~ 0.5 um SiO, layer and annealed. The0.5-um thick
insulation layer reduced the RMS surface roughness from 5 nm

1g. 1. SEM of (a) bare AISI 304 steel surface and (b) substrate surface after

for bare steel foil to< 2 nm.

B. Deposition and Crystallization of Hydrogenated
Amorphous Silicon

obtained atv 1100°C. We explored crystallization temperature
up to 950°C.

1) Low-Temperature CrystallizationWe first exposed the
a-Si:H precursor film for 1 h to a hydrogen glow discharge to
create seed nuclei and reduce the crystallization time [15]. These

After the insulation layer deposition and annealing describéitins then were crystallized at one of four different annealing
above, a 160-nm thick precursor film of a-Si:H was deposited bgmperature/time combinations: 1) 680G for 6 h; 2) 650°C
PECVD from pure silane at a substrate temperature ofTa0 for 1 h; 3) 700°C for 10 min; and 4) 750C for 2 mim. These
Based on previous work in our lab, the hydrogen content ofystallization times were chosen assuming an activation energy
these films is 3<10*! atomg/cm?® [15]. Raising the crystalliza- of 2.7 eV for crystal growth in the a-Si: H precursor films after
tion temperature exponentially raises both the crystal nucleatiexposure to the hydrogen discharge for pre-seeding [15]. For
rate and the crystal growth rate, so that the crystallization tinceystallization, the a-Si:H film was first heated in the 40D
is reduced dramatically. In TFT technology, 60D is the max- zone of the furnace in nitrogen for 30 min and then was trans-
imum process temperature imposed by the softening of gldesred in less than 3 s to the center zone set at the crystallization
substrates. Because the rate of nucleation has a higher actigaperature. The completion of crystallization of all samples
tion energy than the rate of crystal growth [17]-[19], raising th@as confirmed by measuringx situthe ultraviolet reflectance
crystallization temperature above 600 increases the numberat A = 276 nm[8], [9].
of nuclei, reduces their size, and reduces the field effect mobility2) High-Temperature CrystallizationThe a-Si:H precursor
[27]. However, above some temperature the rate of nucleatiiims for crystallization at 950C were not hydrogen-plasma-
begins to drop because the size of the critical nucleus growsated. These films were heated in the 4@0zone of the fur-
[17]. Somewhere above 853 the nucleation rate is expectechace for 30 min, transferred to the 950 zone and heated there
to drop while the growth rate keeps rising [17], so that at stifbr either 20 s or 20 min in nitrogen, and then cooled in the
higher temperature the grain size and hence the field effect mo-400°C zone. UV reflectance indicated complete crystalliza-

bility are expected to rise again [28]. Koster [17] suggested th#in. The mismatch in thermal expansion coefficientsetween
the grain size starts increasing around 880 but Hatalis [28] the circuit materials ¢ of fused quartz= 0.6 x 107% K1,
used rapid thermal annealing to find that the minimum grain is of silicon = 4 x 107° K~!) and the steel substrate (=
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Fig. 3. Conductivity in dark of polysilicon and a-Si:H films. The polysilicon
film was formed by furnace crystallization at 60C/6 h. For comparison, the
a-Si:H film was grown by PECVD at 250C.

R 00 nm
Fig. 2. Dark-field transmission electron micrograph of a 160-nm thick polysilicon n E— 200 nm
polycrystalline film made on a Sidsteel substrate by crystallization at SiO; 150 nm
950°C20 s. The grain size is 0.5um. polysilicon nt 160 nm
insulation layer; . =480 nm
18 x 107% K~1) does not produce cracks or delamination, eve spin-on glass+SiO,
though the range of process tem_pe_rature is _nearly 10Q0and steel substrate._| 200 um
the calculated compressive strain in the silicon layer may ¢ \
b\

as high as 1% when the sample is cooled to room tempel
ture following crystallization at 950C. Fig. 2 is a transmission

. - . . Fig. 4. Schematic cross section of an n- or p- channel polysilicon transistor
electron micrograph of such a polysilicon film crystallized a(;n steel substrate with ion-implanted source/drain. The transistor with thermal

950°C/20 s. Its average grain size+4s0.5 um. oxidation process has the same structure except that the gate dielectric is 51 nm
The dark conductivities of all polysilicon films were mea- dry Si0;.

sured at room temperature to check for possible doping by con-

. . . _6
tamination from the metal substrate. They lie~atl0™ S- peen ascertained, a self-aligned process with ion-implanted

-1 ivi intrinsi il- . o
cm~-, i.e., not much above the conductivity of intrinsic polysilyg,,rce and drain was used, requiring anneals over %00

icon film prepared on glass substrates [29]. Fig. 3 shows tf—*?nally, the deposited gate SiQvas replaced with a thermal
conductivities in function of temperature of a polysilicon f”mSioz. In this paper, we will describe the self-aligned TFTs with
crystallized at 600C and a PECVD a-Si:H film deposited atihq two gate oxides.

250°C using a recipe optimized for a-Si:H TFTs (which is dif- 1) High-Temperature Process—Self-Aligned Structure With
ferent from the deposition of a-Si:H for the TFTs of this paperbeposited Gate OxideThe precursor a-Si:H film was crystal-
The thermal activation energies are 0.53 eV and 0.72 eV a4 at 950°C for 20 s or 20 min, and the active area defined
polysilicon and a-Si:H films, respectively. The activation energyy reactive ion etching (RIE) (see Fig. 4). 150-nm gate,SiO
of 0.53 eV suggests that the Fermi level is pinned in midgap,¢ deposited by PECVD at either 250 or 350°C. 200-nm
This could occur if the films are completely free of dopants, Qfirinsic a-Si:H was deposited by PECVD at 270 and then

if the Fermi level is pinned by defects, possibly related to metgliiarned by RIE to form the eventual gate. Then the, Siger
contamination in the polysilicon or at its interfaces. Further a5 wet-etched to form the source and drain openings. For n-/p-
nealing (40 min) left the dark conductivity unchanged. Furthef,anne| TFTS, the source and drain were implanted with phos-
data suggesting an absence of metal contamination will be %ﬁbrus/boron at 50/35 keV and a dose of 20 cm~2. The

scribed in Sections I1I-B and III-C. implant damage was annealed and the gate silicon was crystal-
lized by a 30-min furnace anneal at 750. Then the sample
was immersed in a hydrogen glow discharge at35@or 1 h. A

All transistors were made in the top-gate coplan&00-nm SiQ passivation layer was deposited by PECVD at 250
source/drain geometry. Initially a low-temperature devicdC, and source/drain and gate contact windows were opened by
fabrication process (maximum of 350C) with deposited wet etch of the passivation SjOThen, 300-nm Al was ther-
source and drain layers was used to gauge the quality of thally evaporated and patterned to form the source/drain and
polysilicon films directly after the recrystallization processgate electrodes. Finally, the TFTs were annealed in forming gas
and the results were reported in previous paper [24]. Once #te250°C for 15 min. The highest process temperature after
high-temperature capability of the polysilicon-on-steel hattystallization was the 750C post ion-implant anneal. Channel

C. Thin-Film Transistor Fabrication
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Fig.5. (a) Transfer characteristic of two self-aligned TFTs made of@@0 min polysilicon with 350 C and 250 C gate SiQ. (b) Mobility and OFF current
versus channel length for TFTs with gate Si@eposited at 250C and 350°C.

lengths ranged from 10m to 1 zm. TFTs were also simultane- 40 . T . T T
ously fabricated with a ring geometry for the active channel, for - T p-chamel A" {30
films crystallized at 750C/2 min. With this geometry, effects 2%/ = 3
of the edge of the channel could be avoided. § 3oL =% 120 %
2) Self-Aligned TFT With Thermal Gate Oxid&he ability E n- channel s
to crystallize device-grade films at 95@ suggested that the % 25+ I e 1o 5
gate dielectric might be grown by direct oxidation of the polysil- 3 2 - ®
icon films, instead of PECVD. § 20 o —+ . F
Polysilicon was formed by 950C/20 s crystallization and 5 45l p_ich\;;;{ 10 =
then individual TFT islands were defined by RIE. The polysil- =
icon was oxidized in flowing dry @for 40 min at 95C°C in a 10 : y . : +——-10
tube furnace. The oxidation was followed by a 20-mig &h- 0 2 4 6 & 10

neal at the same temperature, and then a 30-mimreal at Channel Length L (um)
5 . - . . .
~ 500 _C_' A “ghtly doped silicon wafer with [111_] O”entatlor_] Fig. 6. Linear mobilities and absolute values threshold voltages of open-end
was oxidized with the same process. The resulting oxide thigk-and p-channel TFTs plotted versus channel length frgrmito 10.m.
ness on the [111] wafer was measured with a Dektak surface

profiler and by ellipsometry to be 51 nm. We made TFTs withosited by PECVD at 250C, and source/drain and gate con-

the same structure as illustrated in Fig. 4. tact windows were opened by wet etch of the passivation SiO
300-nm Al was thermally evaporated and patterned to form the
D. CMOS Polysilicon TFT Circuits on Steel source/drain and gate electrodes. Finally, the TFTs were an-

To explore the eventual feasibility of polysilicon driver cir-maled in forming gas at 25 for 15 min.

cuits on flexible substrates, CMOS polysilicon circuits were
fabricated on steel with a 6-mask process (polysilicon island,
gate, it implant, pt implant, contact via, metal) and tested. Fol- All the TFTs on the flat and grounded steel foil were evalu-
lowing the substrate preparation, 150-nm a-Si:H was depositigd with a HP 4155 parameter analyzer. Transfer characteristic
by PECVD at 150C and crystallized at 758C/2 min to form (drain current/ps against gate source voltages) and output

the channel layer. No active-layer implant was used. 150-rgharacteristic (drain currerfhs against drain source voltage
gate SiQ was deposited by PECVD at 35@. 200-nm in- Vps) were used to derive the device performance and mate-
trinsic a-Si:H was deposited by PECVD at 2@ and then pat- rial properties. Drain current ON/OFF ratio is defined as the
terned by RIE to form the eventual gate. Then the Siyer ratio of highest drain current (on current) to lowest drain cur-
was wet-etched to form the source and drain openings. The fent (off current) a’bs = 10 V. The dc characteristic of the
and p" source/drain (and gate doping) were implanted sep@MOS inverters were evaluated with the same HP 4155 param-
rately with phosphorus (at 50 keV and a dose aff0'®> cm~2) eter analyzer, and the transient characteristics of the CMOS in-
and boron (at 35 keV and a dose 0k20" cm~2) using~ Verters and CMOS ring oscillators were evaluated with a Tek-
1 um AZ5214 photoresist as implant selection mask. The makknix 3200 digital oscilloscope.

photoresist was carefully removed with trichloroethane, acetone ) ) ) )

and isopropanol after each implant, then the sample was cleafied>€!-Aligned TFT With Deposited Gate Oxide

first with an H,O, : HySO, = 1 : 2 mixture and then in di-  Self-aligned TFTs were made of polysilicon crystallized
luted 1:100 HF. The implant damage was annealed and the gatt®50°C/20 s or 950°C/20 min using 250°C or 350°C
silicon was crystallized by a 30-min furnace anneal at 760 gate oxide, or crystallized at 750C/2 min using 350°C
Then, the sample was immersed in a hydrogen glow dischaggge oxide. Effective channel length measurements (done for
at 350°C for 1 h. A 200-nm SiQ@ passivation layer was de-950 °C/20 min annealing) showed that the effective channel

Ill. RESULTS AND ANALYSIS
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Fig. 7. Transfer characteristics of (a) conventional n- and p- channel TFTs and (b) n- and p- channel ring TFTs with closed gate.

length differed from the drawn channel length at most 0.25 30 : , , 20
pm. For channel lengths of mm, the 950°C TFTs have | Voo=26V

electron mobilities ic i, of 6 £ 0.6 cm? - V~'s! and 25¢ X =

15+ 2.5 cm? - Vs ! for 20 s or 20 min annealed polysilicon > 20| sower 15
with 250 °C gate oxide, respectively. The highgt ;;, of >§ . Voo ]
the 20-min-annealed polysilicon TFT may be the result of o 15 B o Ou‘pm-10 H
the reduction of grain boundary defects by high-temperature £ 1 v | JVour 2
annealing. Fig. 5(a) compares the transfer characteristics of 33 10 ' 15 H
two TFTs made from 950C/20 min polysilicon with 350°C g 5l Vou

and 250°C gate SiQ. The uniformly high linear mobilities

(> 30 cn? - V~is71) of the TFTs with 350°C gate SiQ

for all TFT channel lengths, shown in Fig. 5(b), point to the

importance of the quality of the gate dielectric and of its

mterfgce with the Chann_?l material. The transistors made w P 8. DC output characteristic of CMOS inverter made with polysilicon
20-min annealed polysilicon have the same OFF current ﬂgrs on steel with channel wid#” = 60 ym and lengthl. = 6 zim.

the transistors made with 20-s annealed polysilicon. Excess

metallic contamination (Fe, Cr) from steel would likely cause

many midgap states and thus a large number of generat{f}m 2 #m to 14um show similar trend: the channel mobility
centers. Since longer annealing did not increase the leak&§&reases as the channel length increases [30]. These results

current, this data again shows that metallic contamination §499€st that the transistor performance is correlated with grain

not affecting the TFT performance. size. Polysilicon TFTs have higher carrler.moblllty and lower
One advantage of polysilicon over a-Si:H is its CMOS Capéhreshold vqltage when there are feyver grains along.the channel

bility, since p-channel devices are fundamentally not availadgtl- The high values o¥:;, especially for TFTs with long

in a-Si:H technology. In preparation for making CMOS circuitEhannels, may be a result of contamination caused by the need

we fabricated p-channel polysilicon TFTs using the self-alignéﬁ process in a laboratory outside of our mlf:roelectronlc clean

structure described above. The polysilicon was formed by fROM- Steel substrates are not allowed in this clean room.

nace crystallization of 150C a-Si:H at 950°C/20 s or 750

O(.:_/.2 min. The 950°C and 750°C TFTs have hole linear mo- g Self-Aligned TFT With Thermal Oxide

bilities of u;,, = 22+2cm?.V s landl4+1.6 cnm?-V-1is!,

respectively. The threshold voltaggg of both TFTswere neg-  Taking advantage of the high-temperature capability of steel

ative,~ —20 V. substrates that we had proven at this point, we explored the
Fig. 6 contains a plot of the field effect mobility and thepossibility of transferring standard IC fabrication techniques to

threshold voltage in function of channel length, which ranggmlysilicon-on-steel process. This was the purpose of thermal

from 1 pm to 10pm, for p- and n- channel TFTs made withoxidation of the polysilicon TFTs on steel to form Si@ate

750 °C/2 min polysilicon and 350C gate oxide. The TFTs dielectric. The TFT fabrication process is described in Sec-

with channel lengthd, < 2 um shows substantially better per-+ion 1I-C3. These transistors have a channel lengthaft and

formance than the TFTs with longer channels, in particular tie® averagé’;;, = 8.5+ 0.8 V, fi¢ 1, = 27 £2.2 cn? Vlst

n-channel devices. This result suggests that the grain sizeaimdy. .. = 324+3.1cm?-V~'s™, and the OFF curreryg is

750°C/2 min polysilicon may be as large ag:n, or that 1-h 35 £ 22 pA perum of channel width atbg = 10 V. Note that

long post ion-implantation hydrogenation was not long enouglven after 40 min at 950C during oxidation, the OFF current

for TFTs with channelz 2 um. The earlier results on TFTs fab-remains in the same order as that of the low-temperature TFTs,

ricated on silicon wafer substrates with channel length rangiagd of the self-aligned TFTs with 25 deposited gate oxide.

Input Voltage Vi (V)
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Fig. 9. (a) The top-view microscope picture of a CMOS inverter made on steel made with TFTi§'with60 p.m andL = 2 um. (b) AC output signal of the
CMOS polysilicon inverter operating at 1 MHz with power supplyp, = 30 V.
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Fig. 10. (a) Output signal of a 5-stage ring oscillator made with CMOS polysilicon inverters on steel. TFTs have chanriél wAdéd . m and lengthl =
4 pm. (b) Oscillation amplitude and frequency versus the power supply voltage.

C. Effect of TFT Geometry power are plotted on a linear scale against the input voltage.

The edge leakage current was studied by comparing the el-(la-(rz"s inverter has a full range swing from the power supply

trical characteristics of the two types of TFTs fabricated wit ditageVpp to ground. The output voltage ge.xﬁ(i. Is defined

. ) . . . asAVour/AViy at the threshold voltage. This inverter has a
the self-aligned process: 1) aring TFT, the drain of which is SUL-in K of ~ 25 atVin > 20 V. The threshold voltage is not
rounded by the gate, which eliminates effects at the edge of the bD = ' g

gate; and 2) a conventional TFT where the active gated chanﬁ)é?cuy half ofVpp due to the difference between the n- and
-channel TFT threshold voltages.

includes the edge of the polysilicon island. Fig. 7 shows tIPe Fig. 9(a) is the optical micrograph of a CMOS inverter on

transfer characteristics of (a) n- and p-channel ring TFTs agfjeel, the ac output characteristics of which are plots in Fig. 9(b).

(b) conventional n- and p- channel TFTs, all on the same wafetr, " . :

OFF currents of the ring TFTs are 23 pAm and 1.2 pAum The CI:I\<I/OS p:olgéll\;con(ljnver.ter O{Je_rate.T at 1ILY|HZ Y(V'th a ?fvéer

for n- and p- channels, respectively, substantially lower than PRY VDD and an input signal peak-peax amphitude
' ' 3t 22'V. The n- and p- channels have widih = 60 ;m and

the OFF currents of open-ended TFTS’."e" 500@“ and 22 lengthL = 2 um. The RC time constants for the rise and fall
pA/um for n- and p- channels, respectively. This result ShOWT]ases ard, — 190 ns andZ’s — 130 ns, respectively. These

that edge leakage contributes to Fhe .OFF current, and pOIntva(?ues are consistent with the calculated channel resistance

the need for careful surface passivation. ; : L
of the transistor and load capacitarcg,.., which is the para-
sitic capacitance of the output contact pad to the steel substrate.

D. CMOS Polysilicon TFT Circuit on Steel The propagation delay in the rise phase can be calculated by the
Fig. 8 shows the dc output characteristics of a CMOS ifellowing:
verter made from polysilicon TFTs with channel width length Vbs

L = 6 pm andW = 60 ym. Both the output voltage and the Ty =Cpara - e = Cpara - Ta (1)
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The load capacitanc€,.,. = 0.96 pF is calculated from
the geometry of the output padly,s is the drain area of
the pull-down and pull-up devices, i.e., the drains of the
n-channel TFT and p-channel TFT4,,ct.1 IS the metal pad
area. toyx ins aNd tox pass are the thicknesses of insulation
SiO; (480-nm spin-on-glass and PECVD Si®etween the
polysilicon and the steel substrate) and the passivation SiO
(200-nm PECVD Si@), and the gate capacitance of 0.055
pF is negligible compared with the load capacitance; using!®!
pin = 20 cm? - V7is! e . of SIO, = 3.9, a gate SiQ
thicknesstox, gate = 150 NmM, Vs = 18 V as the input HIGH

(2]

(3]

(4]

voltage, V,, ., = 3 V for the n-channel threshold voltage, [
andR., = 5.7 x 10°Q, the calculated value of the fall time
T cale = 5.8 ns. The experimental vallg = 130 ns is larger [71

than the calculated theoretical value. We believe this is because
the circuit performance is limited by the oscilloscope input (g
capacitance, which is- 10 pF.

Fig. 10 shows (a) the ac signal of a 5-stage ring oscillator
made with the CMOS polysilicon inverters and (b) the oscil-
lation amplitude and frequency versus the supply voltage. In
Fig. 10, the TFTs have channel widti = 60 xm and length  [19]
L = 4 uym. The oscillation frequency,. is 1.03 MHz and its
amplitudeA,. is 7.1V at a power supply voltagdép = 30 V. [11]
The oscillation frequency rises when the power supply voltag?lzl
Vpp is raised above 15 V. The oscillation amplitudg,. satu-
rates at 7.1 V as the power supplpp is increased.

(9]

(23]

IV. SUMMARY 4]
We fabricated polycrystalline silicon TFTs on flexible steel
substrates. The polysilicon was formed by crystallization[15]
of amorphous silicon at temperatures ranging from 60
to 950 °C on SiG, coated steel substrates. Ring oscillatorsjig]
with gate delay of~ 100 ns were demonstrated. Due to their
tolerance of high-process temperatures, steel substrates en
much shorter crystallization times than glass substrates, and are
tolerant of conventional high-temperature silicon processingl8l
methods. The tolerance of high-process temperature enables
direct thermal oxidation of polysilicon on steel was used toj19]
grow gate dielectric. The polysilicon TFT performance shows
no evidence of contamination from steel substrate. These cort’
plementary polysilicon TFT circuits on steel foil demonstrate
a new route to large-area, flexible TFT backplanes with thd21]
performance required for driver and matrix circuits of displays,

sensor arrays, and mechatronic materials. [22]
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