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Passivation of SiQ/Si Interfaces Using High-Pressure-HO-Vapor Heating
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High-pressure kO vapor heating was used for the passivation of silicon surface. The thermally evaporajefilr3O
formed on the silicon surface was oxidized and Si—O bonding density increased with an activation energy of 0.035eV with
increasing heating temperature upon heat treatment with 10° Pa HO vapor. The peak wave number and full width at half
maximum of the Si—O absorption band due to the Si—-O-Si antisymmetric stretching vibration mode were changed t0*1077 cm
and 72 cm?, respectively. The density of silicon dangling bonds was reduced ftOm 20*(as deposited) to.4 x 10'°cm3
by heat treatment. The effective surface recombination velocity of the p-type silicon wafer that was coated wiilinSi®as
markedly reduced from 405 cm/s (as deposited) to 13 cm/s by heat treatmentwith@® Pa-HO vapor at 266C for 3h. The
interfaces retained the low recombination velocity 8000 h after keeping the sample in air. Effective field effect passivation was
demonstrated using a Sif3i0O, double layered structure formed by the combination of thermal evaporation and heat treatment
with high-pressure kD vapor.

KEYWORDS: SiOy, Si-O-Si bonding state, activation energy for oxidation, density of interface trap state, surface recombination
velocity

i creased in the chamber during heating. Si—O-Si bonding

1. Introduction states were investigated by taking the optical absorption spec-

The formation of good-quality Sigfilms and SiQ/Si in-  tra of the films using a Fourier-transform infrared spectrome-
terfaces at low processing temperatures is important for dieer (FT-IR). Metal-oxide-semiconductor structures were fab-
vice fabrication. Many fabrication processes at low tempericated on p-type silicon with an orientation of (100) and a
atures have been developed. For example, plasma-enhangistivity of 102cm. Aluminum electrodes with a thickness
chemical vapor deposition (PECVD) has been reported as 0o£100 nm were deposited on the samples by thermal evap-
of the methods for the passivation of solar cells at low tensration in vacuum. Capacitance response versus voltage at
peratures:? Defect reduction at interfaces between insulaa frequency of 1 MHz was measured to investigate the elec-
tor and silicon using hydrogen plasma or hydrogen radicatdcal properties of the SiglSi interfaces. In order to esti-
has also been reportéd) Plasma oxidation is also a possiblemate the spin density in the films, the microwave absorption
technique for the formation of Si5i interfaces at low tem- of unpaired electrons was observed using the electron spin
perature$) We have recently developed a simple heat treatesonance method for Si@uartz before and after heat treat-
ment method using high-pressure®vapor. Heat treatment ment with high-pressure 40 vapor. The effective lifetime
with high-pressure KD vapor at approximately 360G im- and the effective recombination velocity of excess carriers
proves the properties of bulk Sj@nd SiQ/silicon interfaces were measured by observation of the decay in the reflectivity
formed by the PECVD method. The decrease in the densitiefa 14-GHz-microwave probe when the excess carriers were
of fixed positive charges for Sidilms and the interface trap induced by 200 ns pulsed-laser irradiation with a wavelength
states at SigJSi is achieved by the heat treatméhstrains  of 904 nm® The recombination velocity was estimated using
of the Si—O-Si bonding networks near the gi€) interface the equation, Are¢ = 1/, + D/S + D/S, whererex is the
are also relaxed. effective lifetime, 7, is the bulk lifetime,D is the thickness

In this paper, we discuss the passivation of the silicon suof silicon wafers, ands and S are the recombination veloc-
face using high-pressure,B vapor heating. We report a ities at front and rear surfaces, respectively. The bulk life-
drastic change in bulk properties of Si@ms formed on the time t, was estimated when the silicon surfaces were coated
silicon surface by heat treatment with high-pressug®ha-  with ethyl alcohol solution containing 3wt% iodine, which
por. The reduction of the densities of defect states in bulk arsthieved a recombination velocity of 10 cm/s. Changes in the
SiG,/Si interfaces is also shown. The simple process step#fective carrier lifetime and the recombination velocity were
can realize a long lifetime and a low recombination velocityneasured while the samples were kept under an illumination
of carriers. We demonstrate that the present passivation witltB300 mW/cn? as well as in the dark at room temperature.
low recombination velocity is stable. Moreover, we also dis-

cuss effective field effect passivation using double insulating Results and Discussions

layers of top SiQ overlaying SiQ/Si interfaces. SiOy films formed by thermal evaporation were oxidized at
. low temperatures by heat treatment with high-pressy® H
2. Experimental vapor. Figure 1(a) shows the peak wave number and the

SiOy films were deposited at room temperature on silifull-width at half maximum (FWHM) of the optical absorp-
con substrates by the thermal evaporation of powdered St@n band due to the Si—O antisymmetric stretching vibration
in vacuum at a base pressure 0&410~*Pa using a turbo mode as a function of heating temperature for heat treatment
molecular pump. A pressure-proof stainless-steel chambeith 1.0 x 10° Pa HO for 3 h. A very broad absorption band
was used for heat treatment with high-pressug®Hhvapor. with a low peak wave number and a large FWHM was ob-
The samples and pure,B were placed in the chamber andserved for as-deposited Si@amples. On the other hand, the
sealed with a metal seal. The chamber was put into an elesfzape of the spectrum was markedly changed after heat treat-
tric furnace. HO was evaporated and vapor pressure irment. The peak wave number was increased to 107#cm

2492



Jpn. J. Appl. Phys. Vol. 39 (2000) Pt. 1, No. 5A KalxmoTo and T. SAIMESHIMA 2493

- 1080 @ T T 120 T antisymmetric stretching vibration mode after heat treatment

5 1070 |Peak wave number —» S with high-pressure kD vapor was almost the same as that of

3 as-deposited 110 ¢ thermally grown Si@ films, the total infrared absorption of

g 1060 |- J100 % 87% at maximum compared to that of thermally grown $5iO

¢ é E probably indicates the existence of voids in the films, which

= 1050F *é Fvam 1P E reduces the average volume density of Si-O bonds. Thermal

g 1040 1 | 80‘5“ evaporation would not result in films as dense as thermally

Q «— O 2 grown films.

B ggo LOS deposited SIOx =, 703 Figure 2 shows the spin density associated with unpaired
100 200 300 400

electrons as a function of heating temperature for heat treat-
ment with a HO vapor pressure of.Q x 10°Pa for 3h.

A spin density of 2 x 10 cm2 was observed for as-
deposited SiQfilms. The spin density was markedly reduced

Heating temperature [°C]

1 T T T T T T
T ’ C () I ] to 1.4x 10" cm~3 by 1.0x 1P Pa H,O vapor heating at 26C
S [ Si-0 Peak i for 3 h, and was almost equal to the detection limit of our ESR
g [ J measurement. Analyses of FTIR and ESR absorption spec-
g i tra revealed that the defect states caused by dangling bonds
§- | ghermally grown Sio2 | of silicon in SiO films were annihilated in association with
2 ®----_ o-______ - the oxidation of SiQ in high pressure kD vapor at 260C.
o 0.035 eV . The ratio of the density of defect states to that of the of SiO
2 e bonds was markedly reduced fron8% 1076 to 3.7 x 1078
o as-deposited SiOx by 1.0 x 1P Pa HO vapor heating at 26C for 3 h. HO va-

1 R por annealing resulted in the reformation of Si—O bonds with

15 1000/t [K_llz-o a low density of defect states.

Figure 3 shows the densities of interface trap states and
Fig. 1. (a) Peak wave number and the FWHM of the optical absorptiofixed positive charges as functions of heating temperature,

band due to the Si-O antisymmetric stretching vibration mode as a fung-y.. : : s
tion of heating temperature for heat treatment with ¢ 10f Pa HO va- \%hICh were obtained from the data of capacitance Vs volt

por for 3 h, and (b) the volume density of the total infrared absorption as a
function of reciprocal heating temperature for heat treatment for 3 h with
1.0 x 10° Pa high-pressure #D. Volume density was obtained by the in-

tegrating the absorption coefficient between 800¢mo 1300 cnr?. % 1018 3 . . 5
g E&—deposited SiOx E

and the FWHM was decreased to 72¢nas the heating tem- g 10! 3 3
perature was increased to 340 These results show that the B . 1
SiOy films was oxidized by heat treatment with high-pressure g 1016 _ _
H,O vapor and the resulting films had Si—O-Si bonding states 2
similar to those of thermally grown SO In order to inves- z C PS e ]
tigate the oxidation ratio of SiQin high-pressure kD va- & 1015 . o
por, the change in the total infrared absorption of the Si—O = 100 200 300 400
antisymmetric stretching vibration mode, which was deter- & Heating temperature [°C]

mined from the integration of the absorption coefficient beFig. 2. Spin density associated with unpaired electrons as a function
tween 800 cm? to 1300cnT?!, was measured. Figure 1(b) of heating temperature for heat treatment withCHvapor pressure of
shows the volume density of the total infrared absorption as al-0 x 10° Pa for 3h.

function of reciprocal heating temperature for heat treatment
for 3h with 1.0 x 1P Pa high-pressure 0.

As-deposited SiQfilms had a low total Si—O absorption
of 1.39 x 10° cm~2, which corresponded to 0.46 times that
of thermally grown SiQ films. This shows that there were
many oxygen vacancies in the initial Si@lms formed by
thermal evaporation. The total infrared absorption increased
to 2.65 x 10° cm~2 as the heating temperature was increased
to 340C. This means that the density of Si-O bonds in-
creased to H x 10°P2cm~3, which was 87% of that of ther-
mally grown SiQ through the oxidation process i@ va-
por. The thermal activation energy for the total infrared ab-
sorption was 0.035eV. This low activation energy means that
SiO films were easily oxidized at low temperatures by heat N _ _ B
treatment with high-pressure,B vapor. Oxygen vacancies Flg‘. 3. Dens!tles of interface trap states and fixed positive chgrges as func-

. . B . . tions of heating temperature, obtained from the data of capacitance vs volt-
were effectively eliminated via Si-O bond formation. Be- ge applied to MOS capacitors. The sample was annealed with 8.5cm
cause the absorption spectral line shape due to the Si—O-Si,0 for 3h.
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age applied to MOS capacitors when the sample was an-
nealed with 0.5crfhH,0 for 3h. The density of fixed pos-
itive charges was markedly reduced from® Z 10*?cm~2 to

2 x 10* cm~2 by heat treatment at 260 because the number

of Si dangling bonds in SiQfilms due to oxygen defects was
reduced by oxidation in high-pressure® vapor, as shown

in Fig. 2, so that the density of positive charge trap states, for
example, theE’ center, was reduced. Although the density of
interface trap states was high a? &k 10*>cm~2eV—! for the
as-deposited samples, it was reduced to 20°cm—2eVv-!
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by heat treatment at 26Q. This result means that Si dan-Fig. 5. Changes in the effetive carrier lifetime and the surface recombi-
inng bonds at Si@'Si interfaces were effectively reduced by _natio_n V(_elocity as a function of t_ime W_hen sa_tmples were ke_pt u_nder the
low-temperature annealing with high-pressurHapor.  Jelon.fheogen anp wih n biensy o itk o
These investigations of the optical and electrical propertiesyapor for 3h.
by FTIR, ESR andC—V measurements revealed that high-
pressure KO vapor annealing oxidized SiO and changed its
bonding network to that similar to thermally grown $i@nd combination velocity because of the reduction of the capture
that the densities of defect states in bulk and at interfacesoss section of carriers. The reduction of both the densi-
were markedly reduced. In order to determine the possibilies of the interface trap states and the fixed oxide charges by
ity of application of the present4® vapor annealing method heat treatment with high-pressurg®vapor shown in Fig. 3
to the surface passivation of photovoltaic devices, the changeeans that the marked reduction of the effective surface re-
in the effective lifetime of excess carriers with high-pressureombination velocity after heat treatment as shown in Fig. 4
H,O vapor annealing was investigated because the lifetinveas achieved by the improvement of interface properties ac-
is sensitive to the properties of the silicon surface. Figure dompanied with the reduction of the density of interface trap
shows the effective carrier lifetime and the effective surfacstates. Figure 5 shows changes in the effective carrier lifetime
recombination velocity for 500Qcm p-type silicon coated and the effective surface recombination velocity as a function
with SiOy films as functions of heating temperature for heatf time when samples were kept under the illumination of a
treatment with high-pressure,B vapor. A short effective halogen lamp with in 300 mW/cfin air at 30C as well as in
lifetime of 0.4 ms was measured for the case of as-depositéte dark after treatment at 28Dwith 2.1 x 10° Pa HO vapor
SiO, films. A marked increase in the effective carrier lifetimefor 3 h. There were no decrease in the effective carrier lifetime
was obtained after heat treatment. In particular, the effectiand no increase in the effective surface recombination veloc-
carrier lifetime increased to 1.8 ms after heat treatment witity 8000 h after keeping the sample in the dark and 1200 h
2.1 x 10° Pa HO vapor at 260C for 3h. The recombina- after keeping it under illumination at 300 mW/ém These
tion velocity was reduced from 405 cm/s (as-deposited, BiOresults suggest that stable §iSi interfaces were formed at
to 13 cm/s. These results show that high-pressyf@ tapor low temperature by the simple heating method using high-
heating improved the properties at the gi€) interface. The pressure KO vapor.
initial SiO films had high densities of interface trap states of Moreover, we investigated the field effect passivation of
~10%cm2eV~! and fixed oxide charges of10'2cm=2, as  silicon surface using present technologies. We initially used
shown in Fig. 3. According to the Shockley-Read-Hall the50Qcm n-type silicon wafer both of surfaces of which had
ory>Winterface trap state increases the effective surface r80-nm-thick SiQ layers formed by the thermal oxidation
combination velocity. On the other hand, a high density ofmethod in HClI ambient. Because the initial $iSi inter-
fixed oxide charges induces high electrical field in the oxidé&aces had very good properties, the effective carrier lifetime
layer and band bending in the silicon surface region, whictvas 1.4 ms, as shown in Fig. 6. Si@ms 210 nm thick were
results in an increase in carrier density. A high carrier deradditionally deposited on both surfaces by thermal evapora-
sity at the SiQ/Si interface reduces the effective surface retion at room temperature. The carrier lifetime markedly in-
creased from 1.4 to 4.6 ms after Ki@eposition, as shown in
Fig. 6. This increase in the effective lifetime clearly shows
that field effect passivation was caused by ,Si@p layers. A
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high electrical field of~1 MV/cm was induced in the under-
lying thermally grown SiQ@ by the high density of positive
fixed charges of~2 x 10"2cm2 located in the top defec-
tive SiQ films. The electrical field induced band bending
and increased the density of electron carriers. The high car-
rier density reduced the carrier capture cross section and the
effective carrier recombination velocity. If the maximum ef-
fective lifetime of 4.6 ms was assumed as the bulk lifetime of
silicon, the effective carrier recombination velocity was esti-

Fig. 4. Effective carrier lifetime and surface recombination velocity formated to be 12 cm/s for initial thermally grown SiSi in-
5000Qcm P-type silicon coated with Sifilms as functions of heating o f3ca5. No change in the effective lifetime was observed
temperature for heat treatment with high-pressw® Mapor. BO vapor . .

when samples were kept for 3500 h in air at room tempera-

pressure was.@ x 10° Pa (saturation) at 18C, 21 x 1(f Pa at 260C and ! or - TOC !
2.4 x 10° Pa at 346C. ture. This suggests that this field effect passivation using the
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101%cm~2eV-1, as shown in Fig. 3, although it reduces the
density of fixed oxide charges taxA0' cm~2. Field effect
s passivation must be, therefore, much lower for 28D after
§8i' heat treatment with high-pressurg®vapor. The SiQISiO,

si double-layered structure formed by additional gi@posi-
thermally grown SiO: tion after heat treatment realizes the very good,B&Dinter-
faces and field effect passivation caused by fixed oxide charge
apart from the interfaces. The process steps are simply con-

S‘OX ducted at low temperatures. No toxic material or plasma is
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T T
H20 vapor heating of SiOx
2.1x108 Pa, 260 °C, 3 h

thermally —
[~ grown SiOz

[N

Effective carrier lifetime [ms]
=]
=
T

Si

thermally grown Si0: necessary. These are useful information for the surface passi-
vation of photovoltaic devices.

0.01

4. Summary

We applied high-pressure,® vapor heating in order to
improve the SiQ film and SiQ/Si interface properties for
passivation of silicon surface. Sj@dilms were deposited on
p-type CZ silicon substrates by thermal evaporation in vac-
uum. Marked changes in the optical absorption band due to
Fig. 6. Effective carrier lifetime for (1-1) the top surface coated WithS_I_O_SI antisymmetric StretChm_g Vlbre_ltlon mode for 30O

as-deposited SiQfilms with a thickness of 160nm and the rear surfacdilms revealed that the Si—-O-Si bonding network became

with 90-nm-thick thermally grown Sigfilms (open circle), (1-2) treated similar to that of the thermally oxidized SjQhrough high-

at 260C with 2.1 x 16° Pa KO vapor for 3h (open circle), (1-3) addi- hressyre KO vapor heating at 260-340. The peak wave

tional deposition of SiQfilms 210 nm thick to both surfaces (open circle), . .

(2-1) both surfaces coated with 90-nm thick-thermally grown Sfitns number increased to 1077 cand the FWHM of the Si-

(solid triangle), (2-2) additional deposition of Sidilms 210nm thickto O absorption band decreased to 72¢rby heat treatment.

both surfaces (solid triangle). The volume density of the Si—O bonds increased with a low

activation energy of 0.035eV when heat treatment was con-
ducted at a KO pressure of D x 10° Pa for the heat treat-
SiOy top layer is stable. We also investigated the applicanent. The density of dangling bonds due to oxygen vacan-
tion of heat treatment with high-pressure®vapor to field cies was also reduced to10*>cm~3. The density of fixed
effect passivation. The thermally grown SiGyer at one positive charges was markedly reduced fro®2 10*? cm—2
side of initial samples was removed. Si@m with a thick- to 2 x 10'*cm~2 by heat treatment at 260 at 21 x 1P Pa
ness of 160 nm was deposited on the bare silicon surface. A>O vapor because the number of Si dangling bonds in SiO
though the effective lifetime was as short as 0.03 ms becaulen was reduced through oxidation in high-pressug®©Ha-
of the defective as-deposited Si@ayer, the heat treatment por. The density of interface trap states was also reduced from
at 260C with 2.1 x 10° Pa KO vapor for 3h changed SjO 1.7 x 10'?to 2 x 101°cm~2eV~1 by heat treatment at 260.
to SiG; and increased the effective lifetime to 2.0 ms becauskhe Si dangling bonds at Sisi interfaces were effectively
the density of interface trap states was reduced to the ordertefminated. The effective carrier recombination velocity was
101%cm—2eV-1, as shown in Fig. 3. This resulted in a low re-reduced from 405 cm/s (as-deposited Si® 13 cm/s by heat
combination velocity of 1.7 cm/s, which was lower than thatreatment with 21 x 10° Pa HO vapor at 266C for 3 h for the
of thermally grown SiQ/Si interfaces. The additional depo- SiO; film. The effective recombination velocity was kept at a
sition of 200 nm SiQ films on the SiQ layer increased the low value of~10 cm/s, 8000 h after the samples were kept at
effective lifetime to 4.3 ms, as shown in Fig. 6. Field effectoom temperature in air. Furthermore, there is no change in
passivation also occurred by the combination of goodb80 the effective recombination velocity of 27 cm/s, 1200 h after
interfaces with remote defective SiGayers. keeping the samples under illumination with an intensity of

The experimental results confirmed the possibility of sur300 mW/cnt in air. Field effect passivation was demonstrated
face passivation at low temperatures using simple heat treasing a double-layered structure fabricated with a combina-
ment with high-pressure #0 vapor. Moreover, defective tion of SiO, formation by heat treatment with high-pressure
SiOy films can be used for the effective field effect passivaH,O vapor at 260C with the formation of a remote defec-
tion. The initial SiGQ films that were thermally evaporatedtive SiQ, layer on SiQ. Heat treatment with high-pressure
have a high density of fixed oxide charges. Sidms also H,O vapor realized SigSi interfaces with a long carrier life-
induced a high density of interface trap states at, 0 time of 2.0 ms, which was longer than that of thermally grown
which results in a high effective carrier recombination velocSiO,/Si interfaces. Additional deposition of SiGncreased
ity and a low effective carrier lifetime, as shown in Figs. 3he effective carrier lifetime to 4.3 ms because a high electri-
and 4. Field effect passivation does not occur in the, 0 cal field of~1 MV/cm was induced at the bottom SiCayer
sample because the accumulation of free carriers at the intby- remote defective SiQOlayers. An effective recombination
faces is not achieved due to the high density of trap stateslocity lower than 1.7 cm/s was estimated. No change in the
The reduction of the density of the trap states is essentiaffective carrier lifetime and the recombination velocity was
for the reduction of effective carrier recombination velocityobserved for 3500 h. Heat treatment with high-pressyi@ H
Heat treatment with high-pressure® vapor leads to the re- vapor will be useful for silicon surface passivation at low tem-
duction of effective carrier recombination velocity becausperatures.
it reduces the density of interface trap states to the order of

SiOx deposition
SiO2 formation |-

Additional deposition of SiOx
top and rear surfaces



2496 Jpn. J. Appl. Phys. Vol. 39 (2000) Pt. 1, No. 5A KKAMOTO and T. AMESHIMA

4) H. Nagayoshi, Y. Onozawa, M. Ikeda, M. Yamaguchi, Y. Yamamoto,
Acknowledgements T. Uematsu, T. Saitoh and K. Kamisako: Jpn. J. Appl. PB$1996)

. L1047.
We thank Dr. _M' Kondo, _Dr' A. Matsuda, Dr. T. Mohri and 5) M. Tabakomori and H. Ikoma: Jpn. J. Appl. Ph$6.(1997) 5409.
Professor T. Saitoh for their support. 6) T. Sameshima and M. Satoh: Jpn. J. Appl. PB1997) L687.

7) T.Sameshima, K. Sakamoto and M. Satoh: Thin Solid FBB%&(1998)

138.
1) Z. Chen, S. K. Pang, K. Yasutake and A. Rohatigi: J. Appl. Pigs. 8) T. Sameshima, K. Sakamoto and K. Asada: Appl. Phy§941999)
(1993) 2856. 221. _
2) A.G. Aberle, T. Lauinger, J. Schmidt and R. Hezel: J. Appl. Phys. Lett. 9) W.Shockley and W. T. Read: Phys. R&¥.(1952) 835.
66 (1995) 2828. 10) R. N. Hall: Phys. Re\87(1952) 387.

3) H.E.Elgamel, A. Rohatgi, Z. Chen, C. Vinckier, J. Nijs and R. Mertens: 11) K. Yasutake, Z. Chen, S. K. Pang and A. Rohatgi: J. Appl. PFgs.
Proc. 1st World Conf. Photovoltaic Energy Conversion, Hawaii, 1994, (1994) 2048.
IEEE, Salem, 1994, p. 1323.



