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Abstract. Heat treatment with high-pressufO vapor was port a remarkable reduction in the surface recombination vel-
applied to improve interface properties®f0,/Si and passi- ocity of excess electron minority carriers I8iOx (X < 2)
vate the silicon surface. Heat treatmentl&-420°C with  film formation on silicon surfaces followed by heat treatment
high-pressuréd,0 vapor change&iOy films, 150 nmthick  with high-pressuréd,0 vapor at temperatures frodB80°C
formed at room temperature by thermal evaporation in vacto 340°C.

uum, intoSiO; films with aSi—O—Sibonding network simi-

lar to that of thermally growr8iO, films. Heat treatment at

130°C with 2.8 x 10° Pa HO for 3 hreduced the recombina- 1 Experimental

tion velocity for the electron minority carriers frod®5 cnys

(as-fabricated. 50-nm+-thick SiOy/Si) to 5 crm/s. Field-effect  SiOy films were formed on the silicon surface using a thermal
passivation was demonstrated by an additional deposition @vaporation of powders @&iO with a purity of 99.9%% [9].
defectiveSiOy films on theSiO, films formed by heat treat- After preheating of & a boat, in which powder o5iO was
ment at340°C with high-pressuréd,O vapor. TheSiOy de-  placed, for gas desorption such ldgO as well asH, ad-
position reduced the recombination velocity frdfd0cnys  sorbed in theSiO powder,SiOy film deposition was carried

to48 cnys. out at a rate o#0 nimymin. For heat treatment with high-
pressureH,O vapor, samples were placed into a pressure-
PACS: 73.20.At; 73.50.Gr; 73.50.Pz; 78.20.Ci proof stainless-steel chamber with a volumeofcn? using

a metal seal [7]. Pure water was put into the chamber. The
samples were then heated. THgO evaporated during heat-
Technologies of defect reduction and surface passivation aneg and the gas pressure increased. Optical absorption spectra
important for a variety of device fabrication. Many methodsof SiO films were measured using Fourier-transform infrared
have been developed to establish low-cost and simple tecbpectrometry (FTIR) to investigagi—O—Si bonding states.
nologies. For example, hydrogenation using hydrogen plasmehe effective lifetime of excess minority carriers was inves-
or hydrogen radical has been widely investigated for the retigated forp-type Si with an orientation of (100) and a resis-
duction of defects in silicon as well as at interfaces betweetivity of 50002 cm, by measuring the decay in the reflectivity
insulator and silicon [1-3]. Plasma-enhanced chemical vesf a 14-GHz microwave probe when the excess minority car-
por deposition (PECVD) has become a promising technologsiers were induced by00nspulsed laser irradiation with
for low-temperature passivation by formation of insulatorsa wavelength 0840 nm in order to estimate the recombina-
for solar cells [4—6]. Substrate temperatures during PECVDion velocity at the silicon surface coated witBO-nm-thick
typically range betwee@50°C and350°C. Recombination  SiOy films [10, 11].
velocities lower tharl00 cnys have been reported for passi-
vation using silicon oxide or silicon nitride films prepared by
PECVD. We recently reported on a simple heat treatment & Results and discussions
approximately300°C with high-pressuréd,O vapor, which
improvedSiO, bulk properties fabricated by PECVD, as well Figure 1 shows the peak wave number of the optical absorp-
as SiO,/single-crystallineSi interface properties [7,8]. The tion band caused by thgi—O—Si antisymmetric stretching
heat treatment reduces the density of the fixed oxide charge@ration mode and the full-width at half maximum (FWHM)
in SIO, films as well as the density of trap statesSi©,/Si  of the absorption band as functions of the heating tempera-
and also reduces the bonding strain at$i®,/Siinterfaces. ture for a sample heated with.5cn? of pure water for
In this paper, we discuss surface passivation of silicor8 h.The spectra of the optical absorption coefficient at wave
using heat treatment with high-pressigO vapor. We re- numbers betweeB00 cnm? and 1300 cn! before and after
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1090 T T T T at 420°C was lower than that for annealing 340°C. An-
1080 peak wave number 4 160 nealing at420°C would cause substantial breakingSif-O
—_ bonds, especially weak bonds in the films, because the film
‘-'E 1070 50 etching was observed after heat treatment. The density of
< o060 | ;E‘ ' voids would increase and the densitySif-O bonds would
9 S20} decrease.
E 1050 | 2 Figure 2 shows the effective lifetime of excess minority
S 1040 F g ol carriers (electrons) fop-type silicon wafers coated witBiOy
§ % ’ films as a function of the annealing temperature for a heat
% 1080 T 8o t_reatment_witkO.S crrf of H,O vapor. The carrier recombina-
& 1020 1B 12 1 102 9 15 tion velocity was estimated:
Wave number (10cm™1) 41 80
1010 FWHM 1ttt =1/ +S/D+S/D, 1)
1000 ! 1 L L 60
s 100 200 300 400 500 wheretei is the effective life timey, is the bulk life time,
[=

D is the thickness of silicon wafers, argl and S are the
recombination velocities at the front and rear surface, respec-
Fig. 1. The peak wave number of the optical absorption band caused by thgyely [11]. Samples with a surface coated with as-deposited
Sl—Q—Sl antisymmetric stretchlng_ vibration mode gnd its fuII-W|dth'at half SiOy, films had a low lifetimerey = 0.23 ms when the other
maximum (FWHM) of the absorption band as functions of the heating tem- . . L .
perature wher8iOy, samples were heated with5 cn?® pure water for3 h. _Surface WaS_ passwate_d with "?m ethyl'a|00h0| IIq_UId_ Cont':f“n'
Insetrepresents optical absorption coefficient 8@, samples as-deposited INg 3 Wt. % iodine, which realized surface passivation with
(a) and annealed &40°C (b). The dashed curve(c) is a spectrum of @ recombination velocity of 10 cnys in our experimen-
thermally grownSiO, at 1000°C tal system [12]. On the other hand, it had a long lifetime of
Teff = 2.55 mswhen both bare surfaces were passivated with
ethyl-alcohol liquid containing wt. % iodine. This means
heat treatment are shown in the inset. The absorption cdhat there was a high density of trap states for electron mi-
efficient was obtained from measurements of transmissivityority carriers at the interfaces of as-depost&@0y/Si. The
and reflectivity of the samples, using the simple equation oéffective lifetime of the electron minority carrier markedly
T = (1— Ry exp(—ad), whereT is the transmissivityR is  increased tore = 2.9 ms after heat treatments &t30°C
the reflectivity,d is the film thickness, and is the opti- with 2.8x 10°Pa as shown in Fig. 2. Although the re-
cal absorption coefficient. Becaus#Oy films were etched combination velocity was high a05 cnys for the case of
by heat treatment with high-pressuieO vapor at tempera- as-depositedsiOy/Si, it reduced to5 cmys after the heat
tures higher thar260°C, we carefully measured the film treatment atl30°C. This result shows that heat treatment
thickness after heat treatment. Before heat treatment, the asith high-pressurdd,0 vapor improved the interface prop-
depositedl50-nmrthick SiOx films showed a broad absorp- erties of SiOy/Si. The effective carrier lifetime gradually
tion band with a low peak wave numbet010 cni?) and
a large FWHM (60cnt?), as shown by curve (a) in the
inset. The peak wave number increasedl@y8cnt! and
FWHM decreased t@2 cn! as the heating temperature in- 10
creased fromL80°C to 420°C for high-pressuréd,O vapor

Treatment temperature (°C)

1000

annealing. The spectral line shape was markedly changed a
became almost the same as that of thermally gr&sd,

films after heat treatment, as shown by curves (b) and (cF

in the inset. These changes in optical spectra mean that tk# 1.0
annealed films had &i—O—-Si bonding network similar to
that of thermally growrSiO;, films. Total optical absorbance ¢
per unit film thickness obtained by integration of the absorp?
tion coefficient from850 cnt! to 1300 cnT?, which corres-
ponds to the volume density @i—O bonds in the films,
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was 0.49 times that of thermally grov8iO, for as-deposited
SiOy films because of many dangling bonds of silicon in the
film. The total optical absorbance per unit film thickness was
markedly increased by heat treatment. It reached, at max-
imum, 0.96 times that of thermally grow®iO, films with
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a heat treatment &40°C. Since the absorption spectral line Fig. 2. The effective lifetime of excess minority carriers fpitype CZ sili-

shape resulting from th8i—O—Si antisymmetric stretching

con with a resistivity 0650002 cm. The surface is coated witBiOy films,
and the minority carrier recombination velocity is estimated from the ef-

vibration mode was almost the same as that of thermalljective lifetime. The samples were heated 8 with 0.5 cn® H,0. The
grown SiO; films, after heat treatment, we hypothesize anHz0 vapor pressure wa2.8 x 10° Pa (saturation) atl30°C, 2.1x 10° Pa
existence of voids in the film, which reduces the average volat 260°C, 2.4x 10° Paat 340°C, and2.7 x 10° Paat 420°C, respeciively.

. . - Open marks aB40°C represent the effective carrier lifetime and the re-
ume den5|ty 05i—0 bonds. The thermal evaporation would combination velocity when samples annealed wgithx 10° Pa HO vapor

not resqlt in films as dense as thermqlly grown films. T_heat 340°C were coated with additional50-nmthick SiOy films by thermal
total optical absorbance per unit film thickness for annealingvaporation in vacuum at room temperature
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decreased and the recombination velocity increased as the 10
annealing temperature increased fra80°C to 420°C, as .
shown in Fig. 2. According to our previous studies [7,13], &
the density of interface trap states and the density of fixedgp
positive charges are reduced by heat treatment. For exE
ample, heat treatment with5 x 10° Pa HO vapor at270°C
for 3 h reduced the density of interface trap states from;
2x 10%cm2ev—! (as fabricated) tol x 10*cm2ev—1,
and also reduced the density of fixed positive charges fro
2.5 x 102cm~2 (as fabricated) t& x 10 cm~2. The densi-

ties of interface trap states and fixed positive charges Weré
decreased as the heating temperature increased aktiGhe LW
vapor pressure increased. Moreover, the degree of reduction 0.1 L 1

life

ler

tivegbarr

in the density of interface trap was higher than that of re- 0 0.5 1.0 1.5
duction in the density of fixed positive charge states in heat

treatment at low heating temperatures or ldy pressures. Ho0 amount(cm®)

From these experimental results, we conclude that the reduc-

tion in the recombination velocity shown in Fig. 2 resulted (@)

from the reduction in the density of the carrier trap states at
theSiO,/Siinterfaces, and that the lowest recombination vel-
ocity of 5 cnys for 130°C heat treatment resulted from field
effect passivation caused by the residual density of fixed pos
itive charges as well as from the reduction in the density o
interface trap states &O,/Si interfaces. :
The field-effect passivation can be caused by positiv
charges fixed in insulators [14, 15]. Because thermally eva
oratedSiOy films were defective and had a high density o
fixed positive charges at arouick 10*? cm~2, the high dens-
ity of positive charges would cause an increase in the densit
of minority electron carriers &i0O,/Si interfaces and reduce
their recombination velocity i§iO,/Si interfaces have good
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properties with a low density of trap states. In order to demon- 0 10 15
strate field-effect passivation, additiorilOy films, 150 nm 0.5 ’ :
thick, were evaporated atbO-nm-thick SiOy films annealed Ho0 amount(cm?3)

at 340°C for 3 h with 2.4 x 10° Pa KO vapor. The effect-
ive lifetime of excess minority carriers was increased from
0.8 msto 1.3 msand the recombination velocity decreased (o)

from 100 cnysto 48 cnry's after theSiO deposition as shown  Fig. 3. Effective lifetime of excess minority carriers fqr-type CZ silicon

in Fig. 2. This result shows that a high density of pOSitiveWith a resistivity of 50002 cm. The surface is coated witBiOy films:
charge fixed in the (o[BI, fim can cause an mcrease in e, NfY Caner econbinaon veodl s estmated fom e efectve
the density of electron carrier at the underlyBi@,/Si inter-

faces and increased the effective lifetime.

Figure 3 shows the effective lifetime (a) and the re-served after heat treatment with BRO amount larger than
combination velocity (b) as functions of tH¢,0 amount 1.0cn? at 260°C and 340°C. The thickness was reduced
for heat treatment at temperatures I80°C, 260°C, and  from 150 nm(initial) to 120 nmafter heat treatment 840°C
340°C for 3h. The effective lifetime increased and the re-with 4.8 x 10° Pa HO vapor (1.0 cn? of H,0). For those
combination velocity decreased as thg0 amount increased annealing cases, weak bonds %f-O in the films would
to 0.5cn? for each annealing temperature case, as showbe broken and a substantial number of voids was probably
in Fig. 3. The maximum effective lifetime and the mini- formed so that the coverage ratio of the silicon surface with
mum recombination velocity wer2.9 msand5 cmy/s after  SiOy would be reduced for heat treatment at high tempera-
heat treatment at30°C with 2.8 x 10° Pa(saturation pres- tures and with high pressures bkO vapor. We interpret
sure), 1.5 ms and 35 cnys after heat treatment &260°C  that the reduction in the effective lifetime and the increase in
and2.1 x 10° Pg and0.78 msand100 cnys after heat treat- the recombination velocity for heat treatment260°C and
ment at340°C and 2.4 x 10° Pa respectively. These im- 340°C with the H,O amount larger thard.0 cn® shown in
provements in the effective lifetime and the recombinatiorig. 3 were caused by reduction in the surface coverage ratio
velocity were mainly caused by reduction of the densitywith SiO,.
of interface trap states with increasihtpO amount [13]. The optimum silicon surface passivation fiOy /Si was
The lower recombination velocities achieved by heat treatebtained by heat treatment conditions at temperatures of
ment at lower temperature achieved probably resulted frorhi30-260°C with H,O pressure£.8 x 10°—2.1 x 1° Paand
the passivation induced by an electrical field due to thé.5cn?® of H,O within the 60 cn? chamber. The reduction
residual density of fixed positive charges after heat treatin the density of interface trap states, the electrical field
ment at lower temperatures. Etching 80y films was ob- caused by the residual density of fixed positive charges, and
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a high surface coverage resulted in the optimum silicon suy high density of positive charges fixed in the t8O
face passivation. films.
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A simple method for passivation of the silicon surface wadXéferences

demonstratedSiOy (x < 2) films 150 nmthick were formed |
on silicon surfaces at room temperature by thermal evapora-.
tion in vacuum. Although they are defective and tHgirO
bonding network was far different from that of thermally
grown SiO; films, heat treatment with high-pressureO
vapor oxidized th&iO films and changed their film proper-
ties so that they became similar to those of thermally grown 4.
SiO; films. The peak wave number of the optical absorp-
tion band caused by th8i—O—Si antisymmetric stretching
vibration mode increased frot010 cnT?! (as deposited) to 6
1070-1078 cn! after heat treatment a@80-420°C with
1.8 x 10°—2.7 x 10° Pa B0 vapor for3 h. At the same time
FWHM of the absorption band reduced frat60 cnt?! (as
deposited) ta3-70 cnT L. The effective lifetime of electron-
excess minority carriers fqu-type CZ silicon increased from
0.23 msto 2.9 msafter the heat treatment f&h at 130°C 9.
with a H,O vapor pressure 2.8 x 10° Pa The recombina-

tion velocity was reduced from05 cnys (as fabricated) to  10-

5 cnys after the heat treatment &B0°C probably because

the films. The field-effect passivation was demonstrated by

an additional deposition af50-nm-thick SiOy films on the 14

SiO; films annealed aB840°C with high-pressuréd,0 va-
por. TheSiOy deposition reduced the recombination velocity
from 100 cnysto 48 cnyshbecause of the electric field caused
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