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High-Pressure H,O Vapor Heat Treatment Used to Fabricate Poly-Si Thin Film Transistors
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High-pressure KO vapor heat treatment was applied to reduction of defect states of silicon films apiiSiterfaces in
the fabrication of n-channel polycrystalline silicon thin film transistors (poly-Si TFTs). A carrier mobility of 17&esn
and a low threshold voltage of 2.4V were achieved by heat treatment a€26ih 1.3 x 10° Pa H,O vapor for 3 h applied
to 25-nm-thick silicon films crystallized by the irradiation of a 30-ns-pulsed XeCl excimer laser at 280°mAkbditional
high-pressure kD vapor heat treatment after TFT fabrication further improved them to 620/sand 1.7V, respectively.
[DOI: 10.1143/3JJAP.41.1.974]
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Low-temperature fabrication of polycrystalline silicon Excimer Laser (50 shots-280 mJ/cm?)
films formed by pulsed laser crystallization is attractive l i i 25-nm undoped
for electron device fabrication, such as thin-film transistors a-Si:H

(TFTs) and solar cells, because crystallization occurs rapidly s ———
and no thermal damage is induced in a cheap substrate such Substrate 30-nm P-Doped
as glass However, rapid laser annealing causes a large a-Si:H
amount of defect states at grain boundaries. Therefore, defect ﬁ
reduction technologies at low temperature is very important.
Many investigations such as plasma hydrogenation have been
reported for defect reduction’?) We have recently reported
the improvement of electrical properties of laser crystallized
silicon films by a simple heat treatment with high-pressure
H,0 vaport'~14 Defect states are changed to electrically in-
active by a reaction with oxygen atoms.

In this paper, we report the application of heat treatment Undoped Poly-Si
with high-pressure KD vapor in order to improve the char-
acteristics of poly-Si TFTs. We show that high-pressus®H

vapor treatments reduced the density of defect states in silicon
films as well as SiQ gate insulators. The defect reduction re-
sults in a low threshold voltage and a high drain current with

a high carrier mobility. We also analyze the relation between
the density of defects and the characteristics of poly-Si TFTs.
Figure 1 shows the schematic fabrication steps of poly-Si ﬁ

TFTs. Hydrogenated amorphous silicon (a-Si:H) films doped Al
with 7 x 10?° cm~3-phosphorus and with a thickness of 30 nm
were first formed on glass substrates at°®30ising plasma

H,O vapor treatment
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enhanced chemical vapor deposition (PECVD). The doped

films were removed at channel region with a length ofi2%

by etching and they were used as dopant sources for form- ﬁ
ing source and drain regions. A 25-nm-thick undoped a-Si:H

films were then deposited using PECVD over the whole area.
The silicon layers were crystallized at 28Din vacuum at

3 x 104 Pa by 30-ns-pulsed XeCl excimer laser with energy
densities of 280 mJ/cfrand 50 shots. Undoped crystallized
regions were used as channel regions. Source and drain re-

gions were simultaneously formed through diffusion of phosgiio method was used for formation of the gate insulator.

phorus atoms into the overlaying silicon layer during the Ias«g,i:rl 120-nm-thick SiQ layer was deposited at room tempera-

crystallization. The melt duration of silicon during laser crysy .« o< the gate insulator by thermal evaporation of SiO pow-
tallization was shorter than 100 ns so that the diffusion digy, ¢ using a Knudsen cell in oxygen radicals at 10-2 Pa

tance of the dopant atom was at most 60 nm in liquid sili
con®® and the 25xm channel length hardly changed. After

H,O vapor treatment

Fig. 1. Schematic fabrication steps of poly-Si TFTs.

which was generated by 300W induction coupled remote
N o ) plasma equipmentf) Contact holes were then opened in the
laser crystallization, the silicon films were annealed at260 SiO, layer on the source and drain regions. Gate, drain and
with 1.3 x 10° Pa HO vapor for 3h for defect reduction in ¢, ceelectrodes were formed with Al metals. After TFT
polycrystalline silicon films. The silicon films were then Pat-¢,prication. some samples were also annealed &t66th
terned by etching for isolation. The molecular beam depoy 3. 1 pg HO vapor for 3h for defect reduction in SjO
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Fig. 2. Capacitance vs voltage characteristics with high frequency @4y 3. Transfer characteristics for TFTs fabricated with n®hapor heat
1MHz for Al-gate MOS capacitors with 120-nm-thick SiGilms for treatment (a), KO vapor heat treatment after laser crystallization (b) and

n-type substrates fabricated by thermal evaporation of SiO powders atyygitional HO vapor heat treatment after TFT fabrication (c).
room temperature in oxygen radicals. The area of the Al electrodes is

0.01cn?. High-pressure KO vapor heat treatment was carried out at
260°C and 1.3 MPa for 3h.

of polycrystalline silicon made the density of free electrons
low because of carrier trap under the gate voltage application
as well as SiGYSi interfaces. Figure 2 shows the capacitanceanging from 0 to 4 V. On the other hand, a sharp increase in
responses with the gate voltage with frequencies of 1 MHz fahe drain current was observed for TFT with®vapor heat
Al gate metal-oxide-semiconductor (MOS) capacitors witlireatment to silicon films, as shown by curve (b) in Fig. 3.
the present SiQformed on n-type crystalline silicon with a The threshold voltagey;, and the effective carrier mobility,
bulk-carrier density of x 10*4 cm~2 for as-fabricated and an- ., were estimated from the linear relation between gate volt-
nealed at 26TC with 1.3 x 10° Pa H,O vapor for 3h. A sharp age and drain current, as follows.
capacitance transition was observed. From the curve of ca-

-1
pacitance versus gate voltage, the specific dielectric constant V=V — Va — 4 (a_ld)
of the SiQ layer, the densities of interface traps and fixed ox- 2 Vg
ide charges were estimated to be 8.8 8 10 cm2.eV-1 W -1 4
and 45 x 10" cm~2, respectively, for as-fabricated MOS ca- w= (Tcoxvd) ﬁ (1)
9

pacitors when the work function of Al gate metal was 4.3 eV.
The high specific dielectric constant of 8.7 results from thevhereVy andV; are the gate voltage and the drain voltage, re-
high dielectric-dispersion characteristic in the low frequencgpectively,lq is the drain currentV andL are the gate width
regime compared with that of thermally grown $jQvhile  and the gate length ari@i is the gate capacitance, which was
the specific dielectric constant of the Si@yer was 2.16 in obtained fronC-V measurements. The threshold voltage and
the visible-wavelength range, which was almost the same e effective carrier mobility were 2.4V and 170%w-s at
that of thermally grown Si@ The high dielectric-dispersion maximum, respectively. D vapor heat treatment effectively
characteristic was probably caused by bonding distortion ehanged the defect states to electrically inactive and made the
Si—O associated with the lack of oxygen atoms in the,SiOchannel region conductive under the low gate voltage applica-
films.2® H,O vapor heat treatment oxidized the Sifims tion. The additional high-pressure,@ vapor heat treatment
well and reduced the maximum oxide capacitance associatefier TFT fabrication further improved the characteristics of
with reduction of the specific dielectric constant. TBeV  TFTs, as shown by curve (c) in Fig. 3. The threshold volt-
curves were shifted to the positive gate voltage direction b@ge decreased to 1.7 V. The peak effective carrier mobility in-
cause of a reduction of the density of fixed oxide charges. #reased to 620 cfV-s at a gate voltage of 2.3 V.
sharp capacitance transition was also observed after the highin order to estimate the density of defect states in poly-
pressure KO vapor heat treatment. This means that the intesrystalline silicon films as well as Si5i interfaces, trans-
face trap states were occupied by a small amount of chargfes characteristics were analyzed using a numerical calcula-
accumulated at the Sig5i interface caused by gate volt-tion program, which was constructed with the finite-element
age application with the low oxide capacitance. The specifitiethod combined with statistical thermodynamical condi-
dielectric constant of the SiOlayer, the densities of inter- tions with defect states localized at $iSi interfaces as well
face traps and fixed oxide charges were estimated to be 4a8, silicon films'"1® We introduced the deep-level defect
2 x 10%cm~2.eV-tand 17 x 10t cm2, respectively. states localized at the mid gap, which had a Gaussian-type
Figure 3 shows transfer characteristics of TFTs fabricateghergy distribution. Tail-state-type defect states were also in-
at 280 mJ/crirlaser crystallization with no pO vapor heat troduced symmetrically in the band gap. The density expo-
treatments (a), kD vapor heat treatment applied to siliconnentially decreased from the conduction band as well as va-
films (b), and additional LD vapor heat treatment after TFT lence band edges to a deep energy level in the band gap. The
fabrication (c). TFTs had a gate width of @én and a gate defect states were placed uniformly in the silicon films. One
length of 25um. The transfer characteristics were measureldalf of the defect states was occupied by electrons in the flat
at a drain voltage 0.1V. Very low drain current with a highband condition. Poly-Si TFTs had another density of defect
threshold voltage was measured for TFTs with @DH/a-  states at SiQ¥poly-Si interfaces. We assumed that the inter-
por heat treatments, as shown by curve (a) in Fig. 3. Thface defect states were generated at,Siltn formation. In
means that highly dense defect states in the channel regidwe present analysis, we used the density of interface traps
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1x10+4

was reduced t0.2 x 102 cm~2 by the HO vapor heat treat-
ment applied to silicon films, as shown in Fig. 4(b). The
transfer characteristics for TFTs fabricated with the addi-
tional H,O vapor heat treatment was agreed well with curve
C, which was calculated with the density of defect states at
Si0,/Si of 2 x 101%cm~2.eV~! obtained byC-V measure-
ments, and with a density of defects states in the silicon films
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0 1 2 3 4 of 1.6 x 10*2cm2, as shown in Fig. 4(b). The defect den-
Gate voltage (V) sity in the silicon films was further reduced by the additional
(a) H,O vapor heat treatment. Curve D is an interesting demon-
stration. It was calculated drain current with the density of
Ixi0n ixio = defect states at SiIBi of 3.9 x 10 cm2.eV-1 (the initial

density of interface traps) and the Si€pecific dielectric con-
stant of 4.9 (HO vapor annealing case), and with the density
of defect states in the silicon films of@lx 102cm=2 (the
additional HO vapor annealing case). The drain current of
curve D for the gate voltage ranging from 1 to 2.5V was al-
most two orders of magnitude lower than that of curve C. The
1x1072 1x1010 density of defect states at the SiSi interfaces is sensitive to
the carrier density because the inversion layer is formed near
the interfaces. The drain current was markedly increased by
reduction of the density of interface defect states. The high
drain current was achieved by reduction of the density of in-
terface traps caused by the additional high-pressuf@ V-
por heat treatment, although the specific dielectric constant
Fig. 4. (a) Calculated drain current for TFTs fabricated with n@kapor pf SiO decreas.ed from B.7 10 4.9 aftep® vapor anneal._
heat treatment, curve A, vapor heat treatment after laser crystalliza—mg' The results in Fig. 4 clearly demonstrate the role of high-
tion, curve B, and additional #D vapor heat treatment after TFT fabrica- pressure HO vapor heat treatment for defect reduction. The
tion, curve C. Curve D is the calculated transfer characteristics with initigleduction of the defect density in the silicon films to the order
density of interface traps and with density of defect states in the silico,

PN S . . )
films same as that of curve C. The dashed curves were experimental erL 10"2cm2 is first essential to improve the transfer char

currents. Figure 4(b) shows the density of unoccupied defect states at REtEStICS because of the very high_densit_y of defect states
flat band condition in the silicon films and interface trap density as a fun@f 1 x 10'*cm™2 in as-crystallized silicon films. The den-
tion of defect reduction sequence. Interface trap density was obtained gj/ty of defect states at the Si{®i interfaces is then serious
C-V measurement. to transfer characteristics when the defect density in silicon
films is reduced to a sufficiently low level. The high-pressure

1x10%3 > 1x10"

Density of defect states in the
silicon films (cm-2)
Interface trap density (cm-2eV-

No treatment
H,O vapor treatment
after laser crystallization

H,O vapor treatment
after TFT fabrication

G
=2

. . e 20
electrical field caused by gate voltage appllcaﬁ%ﬁ.) The por heat treatment resulted in the high effective mobility of
best agreement of calculated transfer characteristics to eXPE50 cn?/V.s. The high effective mobility was obtained at a

imental ones resulted in the density of defect states. FiQUf’&N electrical field of 95 x 10°V/cm at the interface in the

4(6‘) thﬁws Calcullated (EI"JrzvedS o;tr;e drain current as a fun&épth direction, which was estimated with our analysis pro-
tion of the gate voltage. The dashed curves were experimen L\m. A high inversion mobility at the low electrical field ap-

d;amlcurrents ars1 SEOWS |r(1jF|g. f3 .hFor_I(; alcuﬁtmn, rt]he q:’:}s' eared in the transfer characteristics because a high effective
oftall states at the band edge of the silicon fiims, the width gl e jensity is achieved at the SiSi interfaces by low

the states and the density of defects at the mid gap were 2 ot - : -
ate voltage application associated with the low density of
10%cm2.ev-1, 0.5eV and & x 108 cm2.eV-1 for curve gefect stat%s PP y

3 A2 a\/-1 1am—2 a\/—1
A, 25x 10" cm?.eV1, 0.07 eV and @ x 10" cm?-eV In summary, high-pressure,B® vapor heat treatment was

3 —2 —1
for curve B, and 3 x 10 *cm-*.eV~", 0.04eV and D x investigated in order to reduce defect states of silicon films

1 —2 -1 i
10" cm2.eV* for curve C, respectively. Those were theand SiQ films in the fabrication of n-channel polycrystalline

densities of the unoccupied states in the flat band conditioyi- o thin film transistors (poly-Si TFTs). Heat treatment at

Although the calculated drain current of curve A did not ﬁr260”C with 1.3 x 16f Pa O vapor for 3 h was applied after
the experimental one well in the case of TFTs with ngH crystallization of 25-nm-thick silicon films by 30 ns-pulsed

vapor heat treatment, the calculation suggested that the &Cl excimer laser at 280 mJ/@mit was also applied after

icon films that crystallized at 280 mJ/énhad a high den- 1 gapication. The 120-nm-thick SiQyate insulator was

. P I
sity of defect §tates of & 10*'em 185 shown n Fig. 4(b). ormed at room temperature by molecular beam deposition at
The curve B is a calculated drain current, which was we

0?2 Pa oxygen atmosphere including oxygen radic@lsV

fitted to the experimental drain current fop® vapor heat measurements for MOS capacitors revealed a density of in-

treatment applied to only silicon films. The calculation I'terface traps of ® x 10" cm-2.eV-L. The first BO vapor

vealed that the density of defect states in the silicon filmge oy yreatment increased the drain current. A carrier mobil-
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