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We report gp channel thin-film transistofTFT) made of directly deposited microcrystalline silicon
(mc-Si). By integrating thisp TFT with its n channel counterpart on a singlec-Si film, we
fabricated a complementary metal-silicon oxide-silic@MOS) inverter of depositegic-Si. The

uc-Si channel material was grown at 320 °C by plasma-enhanced chemical vapor deposition in a
process similar to the deposition of hydrogenated amorphous silicon. The highest postdeposition
TFT process temperature was 280 °C. The low-temperatahannelwc-Si TFT and the integrated
CMOS inverter represent building blocks of a digital circuit technology based on
ultralow-temperature silicon. €999 American Institute of Physid$S0003-695(199)04634-3

An ultralow-temperature, large-area silicon technologya-Si:H. The undoped channel and tpé andn® contact
that could furnish a tool kit of standard devices, includinglayers were grown by PECVD in two separdite layer/
transistors, rectifying diodes, and photodiodes is of great indoping chambers. The SiQgate dielectric also was grown
terest for applications in macroelectronfcand in add-on by PECVD but in a different system. Growth parameters are
electronics for application-specific integrated circuitslisted in Table I. The channel layers of undoped-Si were
(ASICs).2 The latter application requires that all process tem-grown on Corning 7059 glass, by dc excitation of a mixture
peratures lie below 400 °C, and in general a reduction of thef SiH,, SiF, and H. X-ray diffraction and Raman
process temperature expands the applicability of macroelescatteringt? and an electron mobility of 4.9 citV s in sepa-
tronics. A widely usable ultralow-temperature technologyrately maden channel TFT$ prove that the films are micro-
needsp channel anah channel field-effect transistors, which crystalline. Adding Sif to the source gas changes the
are the building blocks for complementary digital circuits. growth chemistry® provides a wider range of structuté,
The n channel thin-film transistoréTFTs) made of directly and a lower growth temperatdrethan deposition from
deposited microcrystalline silicoruc-Si) indeed have been
reported®’ Microcrystalline films can be obtained at tem-
peratures as low as200 °C? but since raising the growth |
temperature improves transistor performance theSi lay-
ers for thesen channel TFTs were grown at higher tempera-
ture, e.qg., 350 °é.The fabrlcatlon_ Of solar cells OﬁLC-_Slg . 1. uc-Si and p* pc-Si growth and| 4. Removal of isolation SiO, and
SUQQGStS that useful hole mobilities can be obtained in patterning of p* source and drain| patterning of the intrinsic island
mc-Si. (However, of hydrogenated amorphous silicon
(a-Si:H), which is an efficient solar cell materiél,no p
channel TFTs have been madmn this letter we report two
key steps toward a complete, ultralow-temperature semicon-
ductor technology based on directly deposijed-Si. One

step is the successful fabrication mthannel thin-film tran- 2. Deposition of isolation $i0, | 5. Deposition and patterning of
sistors deposited at 320 °C and processed at a maximum tem-  and opening of n* window the gate SiO,

perature of 280 °C. The other step is the integration of phis

channel TFT with am channel TFT to an inverter, which l l

represents a complementary metal-oxide-silic@MOS)
circuit made of microcrystalline silicon. A third step, an im-
proved n channel TFT of uc-Si, will be reported
separatelyt!

We describe th&LC-Si CMOS process with Fig. 1. Both 3.+Deposmon and.pattermng of | 6.Evaporation and.patterr?mg of
. K n" source and drain Al gate, source/drain and inter-
the p-type and then-type TFT use one single directly depos- connects between the TFTs
ited wc-Si layer as the conducting channel. The-Si chan- L—
nel material was grown by plasma-enhanced chemical vapor D . W -

deposition(PECVD) in a process similar to the deposition of
Glass pe-Si - ptuc-Si SiO, nt pe-Si Al

dE|ectronic mail: yuc@ee.princeton.edu FIG. 1. Schematic process sequence for the microcrystalline silicon CMOS
YElectronic mail: wagner@princeton.edu inverter.
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TABLE I. Gas flow rates, deposition temperature, power density, pressure, and thickness of the films grown for
the undoped microcrystalline silicon of the TFT channels, the doped source/drain contact layers, and the SiO
used for isolation.

PH,
B2He,
SiF, or N,O Temp Power density Pressure Film thickness
Layer SiH, (sccm  H, (sccm)  (sccm  (scem  (°C) (mWicn?) (mTorn (nm)

pnc-Si 1 200 20 0 320 160 900 300
p*uc-Si 2 100 0 50 280 324 900 60
n*uc-Si 2 100 0 12 280 324 900 60
Sio, 35 0 0 160 250 85 400 200

H,-diluted SiH, alone!* The n channel TFTs ofuc-Si respectively. The ON/OFF current ratio of thehannel TFT
grown with SiF, have exhibited the highest electron mobility of Fig. 2(b) is ~10%, its V4 is 3 V, andS=4.2 V/decade.
reported to datd.The growth rate was 0.6 A/s at a power The electron field-effect mobilitiea, of the n channel TFT
density of 160 mW/crh The dark conductivity of theuc-Si extracted from the linear and saturated regimes are 0.72 and
is 11077 S/cm, and its thermal activation energy is 0.551.0 cnf/V's, respectively. Thesg, values lie substantially
eV. Thep™ andn™ source/drain contact layers were grown pelow those obtained in a separately fabricajectSi n
from SiH,, Hp, and BHg or PH; by rf excitation at 13.56  channel TFT.** We ascribe the reduction in field-effect mo-
MHz. Their dark conductivities are 0.01 S/crp(uc-Si)  pility to the unoptimized process sequence for CMOS in-
and 20 S/cm " pc-Si). verter fabrication, which also is reflected in the values for
The TFTs were made in the top-gate com‘igurationvTH ands

shown in Fig. 1. The CMOS inverter is made op&hannel The voltage transfer characteristic of the CMOS inverter
TFT and am channel TFT of identical structure. A six-level made of the pull-upp channel TFT and the pull-down

mask process With sp_ecially design_ed ma_sks was used in “?:‘F\annel TFT is shown in Fig. 3 for supply voltages\&§,
inverter fabrication. First, 300 nm ofuc-Si and 60 nm of  _ 44, andVse= —20V. The inverter exhibits a nearly full

oo : .
P~ pc-Silayerwere grown on the substrate without breaklngrail—to—rail swing, and an abrupt and well-defined voltage

vacuum. Next, we patterned the’ nc-Si source and drain S : :
for the p channel TFT using reactive ion etchifgIE) with transfer characteristic with a gain of 7.2. The output HIGH is

10% O, and 90% CCJF,. Deposition of 200 nm layer of

isolation SiQ followed. Then we opened a window in the 107 . i .
Si0, using buffered oxide etckBOE) to deposit a 60 nm (a) p channel TET
n" uc-Si layer. After RIE patterning of tha™ uc-Si source 168 W/L=180um/45um.

and drain for then channel TFT, we removed the Sitayer
with BOE, and followed by the definition of thieuc-Si is-
land using RIE. The channelc-Si now exposed was oxi-
dized for 10 min in 1:3 HO,:H,S0O,, then dipped for 10 s in
BOE, rinsed in de-ionized water, blow dried in nitrogen, and
immediately introduced into the system for gate insulator
deposition. After we deposited 200 nm $i@s gate insula-
tor, we patterned the SiQyate and opened contact holes to
the n andp channel TFT source and drain using BOE. Then 10
we thermally evaporated Al, and patterned the Al using a wet
etch to form the gate, source, and drain electrodes ohthe
andp channel TFTs, as well as the metal interconnects be- 5
tween the two gates, and the two drains of piEFT and the
n TFT. The pull-upp channel TFT and pull-down channel 6]
TFT both have 18Q:m-wide and 45zm-long channels.
These large dimensions result from our use of a laser printer
for mask making.

Figure 2 shows the transfer characteristics ofglohan-
nel andn channel TFTs of the inverter. We define the ON
currentl oy as the drain currenty at a gate voltage/ i of
(= or +) 25V, and the OFF currentee as the lowest drain
current, both at a drain voltage &f of (— or +) 10 V.
Figure 2a) shows ap channel TFT ON/OFF current ratio of 107
>10°, a threshold voltag¥+ of —16 V, and a subthreshold
slopeS=d(V49/d(log;!4) of 2.7 V/decade. The hole field- Gate voltage (V)

g

effect mobilitiesu, of the p channel TFT extracted ft’_Qm the e, 2. Transfer characteristics of tia n channeluc-Si TFT, and(h) n
linear and saturated regimes are 0.023 and 0.031\tsn  channeluc-Si TFT of the CMOS inverter.
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FIG. 3. Voltage transfer characteristics of a CMOS inverter magecoti.
The p channel andn channel TFTs have identical channel dimensions.
Vpp=30V andVgs=—20V.



