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Summary of Alternating Current Surface Photovoltage
Measurements in Silicon Semiconductor Wafers

Hirofumi SHMIZU* and Toshikazu NISHIDE**

Abstract

Alternating current (AC) surface photovoltage (SPV) measurements have been used successfully for the non-
destructive detection of scratches, bulk defects, electrical charges, metallic contaminants on the surface of silicon
(Si) wafers used in the semiconductor industry. This report reviews various data from diagnostic point of view in
Si surface using scanning photon imaging on the base of AC SPV principle. Moreover, this report describes new
idea of metal-induced oxide charge (Qwi)in deliberately contaminated Si wafers in addition to a generally ac-
cepted oxide charge model, and then the Ow behavior was reviewed by frequency-dependent AC SPV method.
The origin of fixed oxide charge (Qr) was also reviewed. The behavior of Schottky barrier type AC SPV and gold
nano-cluster were reported in detail.

Key words: silicon surface, alternating current surface photovoltage (AC SPV), scanning photon microscope
(SPM), oxide charge, Schottky barrier

1. Introduction

1.1 Objection and scope

Surface photovoltage (SPV) method is a well-established nondestructive (contactless) technique for the charac-
terization of semiconductors, which relies on analyzing illumination-induced changes in the surface potential. Stud-
ies of the effects of illumination on the surface voltage had begun in the late 1940s and early 1950s with the classical
articles of Nobel prize laureates Brattain and Bardeen.' ®’ Consequently, Johnson*’ has shown that surface photo-

voltage measurements may yield minority carrier lifetime and Goodman ®’

has developed an algorithm for easy ex-
traction of the minority carrier diffusion length.

The 1990s have seen a renewed vigor in the development of SPV related techniques, Lagowski et al.®’ have
scanned the SPV across an entire silicon (Si) wafer, relating areas of different voltage to areas of heavy metal con-
tamination or to surface defects. Several groups have applied scanning tunneling microscopy”®’ and atomic force mi-
croscopy (AFM) ®’ tips for obtaining SPV measurements with a greatly improved lateral resolution. The importance
of the surface photovoltaic effect in photoemission measurements has been pointed out, leading to both a renewed in-
terest in SPV and an extensive re-examination of the interpretation of many previous photoemission experiments.

Recently, alternating current (AC) SPV measurements have been successfully used for the nondestructive de-
tection of scratches, crystal defects, electrical charges, metallic contaminants on the surface of Si wafers used in the
semiconductor industry.

To scale down microprocessor devices to 22 nm and lower in the submicron regime, we must understand the influ-
ence of metals on ultrathin oxides on Si wafers. There have been many researches related to initial oxide growth, and
layer-by-layer oxidation on Si surface has recently attracted much attention in regard to forming SiO: gate dielec-
trics. In such thin oxide films, several undesirable impurities such as aluminum (Al), iron (Fe), nickel (Ni), chromium
(Cr), gold (Au) and zinc (Zn), affect oxide growth behavior in Si device processing.!” The more advanced Si manu-
facturing technology is, the more severe contamination effects become. Ultra-large-scale-integrated (ULSI) Si cir-
cuits are particularly vulnerable to detrimental effects of contamination on their performance, due to smaller device
geometrics, shallower junctions, decreased gate oxide thickness, and larger chip areas.

So far, conventional capacitance-voltage (C-V) methods have long been used to measure oxide charge using test
devices even in drastically miniaturized Si devices. However, quasistatic C-V method has drawbacks in measure-
ments, because the metal electrode might induce an electric field in the oxide layer and thereby transfer some charge

5.6,11-29)

to or from the oxide layer. Therefore, AC SPV measurement technique, which is non-contact and nondestruc-
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tive, is more effective for measuring oxide charge on Si wafers, because this technique uses no external electric field.
Munakata'” first summarized the discovery, physics, and historical development of SPV, and suggested a half-sided
junction (HSJ) model to explain the occurrence of AC SPV. In 1999, Kronik and Shapira'® reviewed the current
state of SPV based on 780 published studies. Schroder % also reviewed surface photovoltage including history, theory
and applications.

Progress made in semiconductor characterization has seen the introduction of several new commercially avail-
able instruments that use AC SPV for measuring minority carrier lifetime, surface recombination velocity and sur-
face charge. These include the Contamination Monitoring System (CMS-IIIA)by Lagowski and Jastrzebski et
al., 22229 the Surface Charge Analyzer (SCA-2000) by Kamieniecki et al.'*?* and the Surface Charge Profiler
(SCP)by Kamieniecki et al.? Munakata et al.?¥’ also developed a Scanning Photon Microscope (SPM) that involves
a flying spot scanning technique. In SPM, AC SPV is capacitively detected through an air gap between the wafer and
an electrode, and the two-dimensional mapping of AC SPV is displayed as a black and white image.?> This SPM al-

.20 and bulk defects in processed wafers.?’ 2 For in-situ monitoring of heavy

lows the evaluation of interface traps
metal contamination in ULSI manufacturing processes, the AC SPV method is advantageous because the technique
is nondestructive and non-contact.

1.% used an SPV-based CMS III method to measure minority carrier diffusion length. They

Jastrzebski et a
monitored Fe concentration on the surface and in the bulk of Si wafers and also surface contamination from Cu in de-
vice processing. Where temperatures are above 200 C and with boron concentration [B] >10"%m®, the Fe is bound
in Fe-boron (B) pairs with most of the Fe in interstitial sites. Using these facts, Zoth and Bergholz *” achieved a com-
plete quantification of the Fe concentration using deep level transient spectroscopy (DLTS). These results relate to
the behavior of impurities in the bulk Si. In contrast to these results, Munakata et al. '*'® have analyzed AC SPV us-
ing the HSJ model, determining the interface trap density (Di) and the density of positive fixed oxide charge (@) in
thermally oxidized p-type Si wafers.

This report focuses on previous results related to the evaluation by the using AC SPV technique, namely, the re-
sults obtained by the SPM (frequency; 2kHz) and frequency-dependent AC SPV method. The authors also provide
a historical explanation of how the AC SPV method has been used to discover negative and/or positive oxide charge
(@Qmi) generation by incorporating trivalent and pentavalent atoms into SiO: film layer. Furthermore, detailed analy-
ses due to frequency-dependent AC SPV are reviewed. On the other hand, an occurrence of a Schottky barrier type

AC SPV and the behavior of Au nanocluster are summarized.

1.2 Negative oxide charge and/or positive oxide charge induced by trivalent and/or pentavalent atoms in SiO2

Historically, before 1987, wafers were treated with a modified Radio Coporation of America (RCA) alkaline solu-

tion (standard clean (SC)-1; ammonium hydroxide/hydrogen peroxide/water)®" in Pyrex glass containers containing

high concentrations of Al. Using the HSJ model of Munakata et al.*'® to analyze the results, Shimizu et al.* meas-

ured a fairly large negative charge of 0.93 mC/m? in the native oxide of n-type Si wafers treated by an SC-1 solution

32-34.37.38) showed that the negative charge species was Al that

)

in Pyrex glass containers.’® Munakata and Shimizu

had dissolved into the solution from the Pyrex glass container,® resulting in incorporation of Al into the native ox-

ide. According to the frequency-dependent of AC SPV, approximately 4 % of the Al contaminants contribute to the

39)

negative charge.”” To minimize this charge, Pyrex glass containers have been replaced by quartz glass in wafer

manufacturing.

As proposed in silica chemistry by Iler® and Eisenman,*” if a trivalent Al ion, Al1**, replaces a quadrivalent Si
ion, Si*", in silica, then AlO: might be partially formed, giving rise to negative charge ® in the form of (A10Si) ~ 3
or (SiAlO1). ~* When a trivalent Fe ion, Fe?*, is incorporated into a native oxide in a similar way, a negative charge

) The Fe*" should form a (FeOSi) ~ network * and might act as a negative charge in the oxide by

also appears. !
the same mechanism seen for Al. On the other hand, if a pentavalent P ion, P°* , replaces the Si** ion in the native
oxide, then a positive charge might appear on the surface of the wafer due to the formation of a (POSi) * network.
Modeling studies show that P°* creates such a positive charge in the native oxide.*? The effect of other impurities on
the appearance of charge has also been investigated, showing that impurities of Ni, Cr, and Zn have little effect on
this.®® Based on these charging effects, both the negative and positive oxide charge was postulated to be metal-in-

duced oxide charge (Qmi). ***
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1.3 Schottky barrier type AC SPV

Upon rinsing n-type Si(001) wafers into Cr- and Au-aqueous solution, Schottky barrier type AC SPV has been
generated by the deposition of Cr and/or Au on the Si surface. The occurrence of AC SPV differs fundamentally from
that originally described as Qmi***® shown by (AlOSi) ~ networks and/or AlO: ~ in n-type Si.*® Moreover, in ther-
mally oxidized Cr-contaminated n-type Si(001) wafers, Schottky barrier collapsed and a transfer from Schottky bar-
rier type AC SPV to the @mi type AC SPV was found. When n-type Si(001) wafers were rinsed in Au aqueous solution
at room temperature, Au was deposited on the Si surface in the form of a nanometer size Au protuberance. Upon ther-
mal oxidation at high temperatures, a Au protuberance still survived as a nanocluster at the Au/n-Si interface, en-

hancing SiO: film layer by the catalytic action of Au. The review of these results is described in section 3.6 and 3.7.

1.4 Positive charge generation in hydrofluoric acid dipped p-type Si wafers

In contrast to the above-mentioned charge-induction mechanism, Shimizu and Munakata **

have reported an-
other mechanism in which a positive charge appears shortly after hydrofluoric acid (HF) treatment of the Si wafer
(surfaces become hydrophobic and hydrogen-terminated).“* The positive charge decreases stepwise with increas-
ing time of exposure to air at room temperature (25+27C) as the native oxide grows layer-by-layer. " This de-
crease might be due to neutralization of the positive charge by an as yet unknown species and/or by combination
with oxygen. The positive charge generation might be caused by dangling bonds on the Si surface created by tilting
the cut surface by 4 degrees from the (001) plane.

The charge induction mechanism on HF-dipped surfaces might differ from that of P in the native oxide. Some re-
searchers have reported that HF-dipped surfaces are hydrogen terminated. **® The effect of hydrogen on the AC
SPV has not yet been clarified. However, if some unpaired Si dangling bonds remain on the HF-dipped surface, the
dangling bonds (ionized Si) might act as positive charge. If such ionized Si captures an oxygen atom, it loses positive
charge by emitting a hole or by capturing an electron.”” Therefore, the disappearance of positive charge could be ex-
plained by the stepwise growth of the native oxide. However, more detailed analysis is required before a definitive

model of the appearance of positive charge on HF-dipped surfaces can be developed. "%

1.5 Qr+inn-type Si wafers based on the existence of Qmi

Historically, a positive charge called Q: reportedly appears in thermally grown oxide on p-type Si wafers. The ori-
gin of the charge is considered to be dangling bonds of Si atoms located at the interface between the SiO: layer and
the p-type Si surface. @: should also appear at the interface between the SiO: layer and the p-type Si surface. @
should also in n-type Si wafers because similar dangling bonds must also appear at the surface. However, explicit evi-
dence for negative charge in n-type Si has been reported. % % 3
Munakata et al.? has investigated the oxide trapped charge (Q.t), Qi and also the origin of Q¢ in n-type Si. Mu-

nakata and Shimizu ‘%

analyzed the charge inequality by considering @it and Q.:, and based on their results, it was
concluded that Q:(n) + Qi + Qu<0, where Q:(n) means Qrin the oxidized n-type wafer.’*” @ is negative and fairly
small. As the oxide thickness decreased, the AC SPV in the p-type wafer slightly decreased compared with the maxi-
mum value, indicating that positive @. might have been etched off. Therefore, the net oxide charge must be deter-
mined by Q:(n) and Qi being negative in this case. In n-type Si wafers, abundant majority carriers, electrons in this
case, could be easily trapped by the positive oxide charge and, as a result, neutralize Q¢ (n).’*” For the n-type wafer,
a small peak in the AC SPV appeared when the oxide surface was close to the crystal surface, whereas for the p-type

) . 120)

sample, a small dip appeared as shown in experimental results (see section 3.9 In those results, the observed

small peak and dip imply that the negative charge was somewhere in the oxide layer. Because the interface traps due
to strain in the thin oxide layer increase as the oxide thickness decreases, the most probable charge must be Qi,
which is located at the SiO»-Si interface. This speculation will be endorsed by the experimental results in section 3.9.

1.6 Review of negative oxide charge in thermal SiO: film layer detected by AC SPV

63-66)

Some researchers have investigated the appearance of negative charge due to Al, Fe in thermal SiO: film

layer. As mentioned above, Shimizu and Munakata % first reported the existence of Al-induced negative charge in

SiO:; film layer. Based on SCA measurements, Kato and Maruo ® have shown that Al and Fe induce negative

1. 66.

charge in thermal oxide. On the basis of C - V measurements, Itoga et al.® have also reported the induction of nega-

tive charge and an increase in Di; at the Si mid gap after Al contamination and oxidation. After thermal oxidation of
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Al- or Fe-contaminated Si wafers rinsed in an SC-1 solution, the contaminants (Al- and/or Fe rich layer) are left be-
hind in the topmost layer of oxide, ¥ % This is because the diffusivity of Al and Fe in SiO: is much less than oxygen.
8 Thus, Al and Fe reportedly segregate into the uppermost part of the thermal oxide layer, away from the SiO>-Si
interface and survive as a negative charge even after thermal oxidation at around 1000 C.

2. Principles and techniques of AC SPV and experimental procedures

2.1 HSJ model on the basis of the frequency-dependent AC SPV method
The AC SPV measurement relies on the change in the surface potential of a semiconductor when that semicon-

-6.11"%) When n- or p-type Si is strongly inverted (Qmi: negative

ductor is illuminated with a photon beam (PB).* °
charge on n-type Si or positive charge on p-type Si), the observed AC SPV is proportional to 1/f (f : frequency).!**
The AC SPV in the weak inversion and/or depletion is independent of frequencies lower than, for example, approxi-
mately 100 Hz. At higher frequencies, on the other hand, the AC SPV shows a tendency to be limited by the depletion
layer capacitance, thereby, it is proportional to 1/f. In the accumulation state, the overall AC SPV is too small to be
detected.’” A Schottky barrier has also been reported to cause AC SPV. 6467

In the HSJ model *'® the AC SPV (V) is given by the following equation.

]ph.
gstjwCap

Vph =]ph'Zsf = (1)

where Zg is the surface impedance, gs is the surface conductance, W is the angular frequency (27f ), and Cqp is

the depletion layer capacitance. Jyh is the photocurrent and is given by the following equation. ¢’

S =qP(1-0)y @)

where @ is the photocurrent density, @ is the Si wafer optical reflectance coefficient and ) is the photocurrent
coefficient. When the surface potential (us) is less than the Fermi potential (ur), the conductance is dominated by

majority carrier conduction (gm;), resulting in an AC SPV value of approximately Jyn/gm as shown in equation (3).

J J
=J Ly n— 2 x T ®)

V h sf . ~
g ‘ gmj +chdp gmj

ph

In contrast, when us> ur (strong inversion), the depletion capacitance is dominant and the surface impedance Z

is proportional to 1/w Cap

ph

J J
V ~ - R — (4)
gt joC, joC,

ph

=J, Z

ph sf

The capacitance in strong inversion is determined by the saturated depletion width given by
Caep= Es/w (in strong inversion, w is depletion layer width and saturated and constant). Therefore, in strong
inversion state, the AC SPV is proportional to 1/f. ¥

2.2 SPM and frequency-dependent AC SPV technigues to identify the polarity of the oxide charge
Figure 1 shows a schematic of how an AC SPV might be generated in the depletion/inversion regions of n- and p-

1410 The AC SPV occurs when a depletion or inversion layer is formed near the wafer surface. Such

type Si wafers.
a layer is caused by a charge-induced surface potential due to either the positive charge in p-type Si or the negative
charge in n-type Si. In this study, we evaluated interface traps and bulk defects in processed wafers by using the
SPM method developed by Munakata et al.?*%’ The SPM method can visually evaluate charged states, chemical con-
taminants, surface imperfections and bulk defects. % By evaluating charged states and surface imperfections, a
blue photon beam (PB) with a wavelength peak at 448 nm was used. For bulk defects, a probing PB (near infrared)
with wavelength of 896 and 1076 nm was used. As an optical power was of the order of microwatts, a negligible elec-
tric field is applied to the oxide, and thus no charge is eliminated or created in the oxide. In the AC SPV measure-
ments using SPM, the diameter of the PB in the focal plane was 0.4 mm and the chopping frequency was set to 2
kHz. The penetration depth was about 0.4 ym (wavelength peak at 448 nm), and the incident power in the beam was
4uW.

For frequency-dependent AC SPV measurements, an instrument using blue PB (wavelength; 470 nm) was devel-
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oped in-house by Shimizu and coworkers. ™’

o AgpeSi .
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Fig. 1. Generation of an AC SPV in the depletion/inversion layers and ac-
cumulation regions in n- and p-type Si wafers.
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2.3 Identification of oxide charges caused by intentional impurity contamination to Si surface on the basis of the AC
SPV method

In device processes, contamination by detrimental impurities is unavoidable because Al and Fe easily adhere to
the surface of Si wafers after rinsing in SC-1, even if only a small amount of impurity is in the SC-1 solution. Cu, Cr""
and Au”>"™ adhere to bare Si surfaces rinsed in HF solutions because of a more favorable oxidation reduction poten-
tial. Several physical and chemical methods to analyze low levels of contamination have been used to clarify the
gate oxide failure mechanism related to impurities. One method is inductively coupled plasma mass spectroscopy
(ICP-MS) with a double-focusing magnetic sector mass analyzer. ® ™ However, this type of instrument puts strin-
gent demands on the sampling method, in which specific elements need to be extracted in a clean environment.
Other methods successful in detecting metallic contaminants on Si wafers are the vapor phase dissolution (VPD)
method combined with atomic absorption spectroscopy (AAS),™ and ICP-MS and total reflection X-ray fluorescence
(TRXF). %

In contrast to these physical and chemical methods, intentional contamination methods have been used to simu-
late the effects of metal impurities on the electrical characteristics of devices. One such method uses different concen-
trations of contaminated aqueous solution spin coated on to the surfaces of Si wafers. ™ In another method, Si wafers
are rinsed in SC-1, where particular elements have been intentionally added to the solution.® ~# For contamination,
standard solutions such as A1(NO3)s , Fe(NO3)s, Zn(NO32)2, Cr(NO3)3, Au(HCl)s, and Ni(NO2)2 have been used.
Before contamination, in order to eliminate undesirable metal impurities, RCA acid solution (standard clean SC-2;

) 24)

hydrochloric acid/hydrogen peroxide/water has also been employed.

3. Results and discussions

3.1 Nondestructive evaluation for surface scratches and contaminants in Si wafers using SPM

Historically, an application of AC SPV was focused on to nondestructively evaluate Si wafer surfaces for electri-
cal devices by the instrument of SPM. Based on Sect. 2.2, the SPM can nondestructively detect surface scratches, ion
contaminants and furthermore crystal defects (bulk defects).

Figure 2 illustrates a scanning photon image of the n-type Si wafer with scratches caused by mirror polishing
when small fragments or grown silica slurry particles exist between the polished wafer surface and the polishing
cloth.?® In the figure, the darker lines are traces of the scratches in the wafer and they correspond to the low AC
SPV where the trap density may be high. According to the frequency dependence of AC SPV, wafers with less me-
chanical damage give lower densities of the interface trap.

9

Figure 3 (a) and 3 (b) show a scanning photon image of the wafer contaminated with the SO~ and its sche-
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matically drawn picture.?” The wafer cleaned by the am-
monium hydroxide/hydrogen peroxide solution was kept
in the wafer cassette for about 1 h so that it was contami-
nated with the sulfuric ammonia floating in the room sur-
rounding where the concentration of the SO4*~ was deter-
mined to be about 10 ng/L. The dark lines and spots in the
picture show low AC SPV areas where the concentration
of the SO4*~ is high.?

Figure 4 plots the AC SPV versus the amount of the
S047, indicating that the AC SPV decreases in proportion
to the total amount of SO+*~ on the wafers which increases
the density of the interface trap. Based on the combina-
tion of the AC SPV and chemical analysis, these results
imply that the SPM is able to evaluate impurity concentra-
tion on wafer surfaces in a nondestructive and noncontact
manner. 2%

Historically, an online inspection to decide p- and/or
n-type wafer fabrication was conventionally performed by
contact type instrument using Cu probe. This inspection
frequently contaminated wafer edge, degrading minority
carrier lifetime upon following oxidation process. Figure 5
shows scanning photon images of the oxidized p-type Si
wafers, which were slightly scrubbed at the wafer edges
with (a) stainless steel, (b) Cu, (c¢) Ni, and (d) Al, prior

to the oxidation. %

Metal impurities in the Si bulk create
recombination centers for excess carriers, thereby reduc-
ing the AC SPV. This result obtained by the SPM trig-
gered to replace the former conventional type with noncon-
tact type instrument.

In a similar way, the SPM revealed ring-shaped oxida-
tion stacking fault (R-OSF) in the Si bulk with a near in-
frared PB (wavelength peak at 896 and 1076 nm) as shown
in Fig. 6. %% The micrograph of double ring-shaped stack-
ing fault was analyzed on the basis of X-ray diffraction
and lifetime measurements below. The R-OSF was origi-
nally created upon enlargement of Si wafer with the aim
of cost reduction of electrical devices and Hasebe et al %
first reported the occurrence of the R-OSF in Czochralski-
grown (CZ) Si crystals. The R-OSF essentially grows by
the balance between frozen-in vacancy and excess intersti-
tial Si atoms during CZ-Si crystal growth. In Fig. 7, the
same wafer was photographed by X-ray diffraction
method.? The white ring in Fig. 6 corresponded to the re-
gion of longer minority carrier lifetime and black ring to
that revealed by X-ray diffraction, as shown in Fig. 8. %
These results were applications of the SPM for nonde-

structive diagnostic use for device-oriented Si wafers.

Fig. 2. An AC SPV image for the n-type Si(001) wafer with
scratches (blue PB excitation) .

0.82ng/erm?
3042'._4:](_ 4

(b)

Fig. 3. An AC SPV image and its schematically drawn pic-
ture for the n-type Si(001)wafer contaminated
with SO~ (blue PB excitation).
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Fig. 4. Relationship between the AC SPV and the total
amount of SO~ cumulated on the n-type Si(001)

wafers (blue PB excitation).
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foef

Fig. 5. Scanning photon images obtained for p-type Si Fig. 6. Photovoltaic image of double ring-shaped oxidation
(001) wafers intentionally contaminated and oxi- stacking fault of the n-type Si(001) wafer thermally
dized; (a) stainless steel, (b) copper, (c)nickel, and oxidized by the SPM using a near-infrared PB.

(d) aluminum (near infrared PB excitation).

Photovoltage
image

Minority carrier
lifetime N

10mm

X-ray topograph

Fig. 7. Ring-shaped oxidation stacking fault revealed in
the thermally oxidized n-type Si(001) wafer ob-
tained by X-ray technique.

Interstitial oxygen L

62.5 X (mm)

Fig. 8. Comparison of minority carrier lifetime with photo-
voltage image, X-ray topograph and interstitial oxy-
gen concentration.

3.2 Discovery of metal-induced negative oxide charge in SiO2 by SPM technique

Originally, Iler® and Eisenman“’ proposed a model, if a trivalent Al ion, A1** , replaces the quadrivalent Si ion,
Si**, in silica, AlO: is partially formed, resulting in a negative charge in the form of (AlOSi) ~ or (SiAlO4) . Mu-
nakata and Shimizu®*" first reported an increase in the AC SPV of n-type Si wafers treated with Al-contaminated
solutions using the SPM. They firstly reported that the AC SPV is proportional to the concentration of Al in the na-
tive oxide, indicating that Al is one of the species that induces negative charge in the form of (A10Si) ~ network.? 3
In contrast, no AC SPV appeared for Al-contaminated p-type Si wafers, because the negative charge in p-type Si
causes accumulation, resulting in an AC SPV below the detection limit of this method. *¥

In Fig. 9, the variation of AC SPV with the exposure time to air for n-type Si(001) wafers rinsed in metal-con-
taminated (10 zg/mL) solutions is shown. ¥ The resistivity of the wafers used in this experiment was 10=0.5 Q -cm.
The observed AC SPV was measured by the SPM (frequency; 2 kHz). Figure 9 shows that the AC SPV of Fe-contami-
nated n-type wafers (square symbols) increases with increasing exposure time to air, similar to the trend seen for Al-
contaminated wafers.*® Fe is incorporated in the native oxide using an Fe-contaminated SC-1 solution just as with
Al "Y' When the Fe-contaminated native oxide was removed by HF dipping, the AC SPV vanishes, similar to the
trend seen for Al-contaminated wafers, indicating that the negative charge had been removed. The saturation level
for the AC SPV of Fe-contaminated wafers was lower than that for Al-contaminated wafers, meaning that the num-

ber of negative charge species [the (FeOSi) ~ network, described later) was fewer, possibly because the concentra-
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tion of Fe (4.6 x 10" atoms/cm?) was lower than that of Al (1.05x% 10" atoms/cm?).% On the other hand, the AC
SPV for wafers rinsed in Ni- and Zn-contaminated solutions was the same as that for wafers rinsed in clean (no con-
taminants intentionally added) RCA solution. This implies that these impurities might create neither negative nor
positive charge species, or that the net charge does not change because of a compensation effect due to charges
trapped in the growing interface traps. Moreover, deliberately added metal concentrations on the surfaces were ana-
lyzed by using a combination of a pack extraction method (PEM) ¥ and ion chromatography or ICP-MS developed by
Ishiwari and coworkers. &%

As described in the previous section, trivalent Al (A1) and Fe (Fe®") ions act as negative charge in native ox-
ide, whereas pentavalent P ions (P°*) act as positive charge. Based on these results, the authors proposed the fol-
lowing mechanism (Fig. 10) by which trivalent and pentavalent atoms induce charge in the native oxide on Si.*
The basic structural unit of SiO:z is a Si atom surrounded tetrahedrally by four oxygen atoms. These tetrahedra are
joined at their corners by oxygen bridges, forming a quartz network. When Al** or Fe®* replaces Si**, an (AlOSi) -
or (FeOSi) ~ network is formed as the native oxide grows, resulting in the appearance of a negative charge. Further-
more, P°" also replaces the Si ion (Si*") in the native oxide (SiO:z) and forms a (POSi) * network, resulting in a

positive charge.*”

1 10 102 (da | ‘ ¢ I \—
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Fig.9. AC SPV of n-type Si(001) wafers treated with Fig.10. Charge induction mechanism by which trivalent
metal-contaminated RCA alkaline solution. and pentavalent atoms exchange with tetravalent
Si atoms in the native and/or oxide on Si wafers, in-

ducing negative and positive charge, respectively.

3.3 Behavior of metal-induced negative oxide charge measured by frequency-dependent AC SPV method in metal-
contaminated n-type Si(001) wafers

The frequency-dependent AC SPV was measured with an instrument, developed in-house, on the basis of the sys-

tem reported by Munakata et al. *'¥ This instrument is shown schematically in Fig. 11.” The instrument evaluates

charged states by irradiating the wafer with a blue PB (with a wavelength peak at 470 nm) and an optical power on

" As a result, a negligible electric

the order of microwatts. The incident PB power was actually adjusted to 2.5 uW.
field is applied to the surface, and thus no charge is eliminated or created at the surface.

Figurel2 plots the frequency-dependent AC SPV versus exposure time in air for an Al-contaminated n-type Si wa-
fer.™ The occurrence of the AC SPV definitely reveals that negative charge appeared on the surface of the Si. In the
early stages of exposure to air, the AC SPV versus frequency relationship in the lower frequency region (< 100 Hz)
deviated from the normal inverse frequency characteristics in that it was flat in this region. At very high frequencies,
on the other hand, the AC SPV showed a tendency to be limited by the depletion layer capacitance, in as much as it
was proportional to 1/f(w= 2nf). However, with the passage of time, it can clearly be seen that the frequency-depend-
ent AC SPV below 100 Hz increased and approached the inverse proportionality relationship (1/f), namely, the sur-
face was strongly inverted. "

Munakata et al.* has already reported a clear deviation from the 1/f relationship in an electron beam (EB)-ir-
radiated Si wafer due to the recombination of excess carriers at EB-induced traps. The origin of this deviation resides
in dense interface traps, called “intrinsic” traps.”” These interface traps might degrade the normal AC SPV vs fre-

quency relationship that occurs in the strongly inverted case. The present experimental results (increase of AC SPV
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Fig.11. AC SPV measurement instrument developed in-  Fig.12. Frequency-dependent AC SPV in n-type Si(001) wa-
house. fers, contaminated by Al (10 x g/mL) in RCA alka-
line solution, as function of air exposure time.

with air exposure time) have not relationship with the in- 10

terface traps,”” because the frequency-dependent AC SPV Fe surface concentration

approached 1/f with increasing exposure time to air. 10' L o 2.96 % 10" atoms/cm>

— A 2.87% 10"atoms/cm’

Figure 13 shows the frequency-dependent AC SPV in
70)

an Fe-contaminated n-type Si wafer. In preparation of —v—2.71 x 10" atoms/cm’ ||

the samples, the Si wafers were first treated with RCA

alkaline solution ®” and then the wafer surface was con-

taminated with Fe aqueous solution on a spinner. The sur-

AC SPV (mV)

face concentrations of Fe were 3.0x10", 2.9x10%, and 107 | 4
2.7%10" atoms/cm? analyzed by TXRF. When the Fe con-

centration on the surface of Si wafers was 3.0x 10" 107 E
atoms/cm?, the AC SPV was flat with a low frequency

(below approximately 100 Hz) of chopped PB, indicating 10’41 o 1;)1 162 163 164 1;)5 1o°
that the surface was depleted or weakly inverted,'” as dis- Frequency (Hz)

d in the Al-contaminated . As the F tra-
cussed i the Al-contammated case. A the te concentra Fig.13. Frequency-dependent AC SPV in n-type Si(001) wa-

tion on the surface of Si wafers was increased, the AC SPV fers, contaminated by Fe, as a function of Fe concen-
in the lower frequency region increased for the concentra- tration prepared by Kanto Kagaku Corp.

tion of 2.9x10" atoms/cm? and finally approached 1/f

characteristics for the wafer with a concentration of

2.7x10" atoms/cm?, where it was limited by the depletion layer capacitance, indicating that the surface was
strongly inverted. '

If the atomic bridging mechanism works as well as in the Al case, the incorporation of trivalent Fe, O and Si
atomic bonds, the so-called (FeOSi) ~ network, *® must have been completed. As a result, trivalent Al- and Fe-in-
duced negative charges, which have been described as the @mi, *’ were found to be dependent on frequency in a simi-
lar manner. The (AlOSi) ~ and (FeOSi) ~ networks were confirmed to survive after thermal oxidation by Shimizu
and coworkers. ?

In thermally oxidized Al-contaminated n-type Si dioxide (SiO:), Al is clarified to be segregated at the very top
area of Si02,% % causing a negative charge, as has been suggested by the formation of an (AlOSi) - network and/or
AlO ;™ based on AC SPV. 839 Figure 14 plots the AC SPV versus frequency relationship of the wafers contaminated
by Al and oxidized for 10 min between 550 and 900 C.® These results demonstrate that the surface is strongly in-

verted in n-type Si, proving that the (AlOSi) ~ network and/or AlO:" in native oxide still survives upon thermal oxi-



10 J. Coll. Eng. Nihon Univ. 58(1), September, 2016

10 : — Table 1. AC SPV occurrence(© , O, &, and x)vs Al con-
e 650 centration of oxide etched stepwise for 15, 30, 45,
10 b ——T750°C and 62 s where the etching times of 15 and 62 s cor-
—>—800C respond to frequency-dependent AC SPV(® and
—=—850°C . .
. ] upeoc @), as shown in Fig. 15.
- 10 L
E N Etghmg Oxide Al concentration ACSPV Correspondence
; 10" © H(I:)e thickness (nm) (atoms/cm?) occurrence to Fig. 15
& X
8 % 0} 0 73 4.0x10" © —O0—
< 02
QN @] 15 6.5 9.0x10'? O —0—
3 — 30 5.8 7.0x10" A —
10 N
—| 4 52 3.6x1012 A —
10"
10° 100 100 10° 10" 10° 10° @ | e 49 <1.9x10% % —U—=
Frequency(Hz)
©>0O>A : Occurrence of AC SPV
Fig.14. Frequency-dependent AC SPV of Al-contaminated X : Disappearance of AC SPV
n-type Si(001) wafers thermally oxidized for 10 min
between 550 and 900 C.
107
—o—550°C
—B—650°C
10! ——750°C
E —=—800°C
—=— 850°C
0 —¥—900°C
_ 10
> > ¥
E E
> z 10"
O
< < 102
10°
10" 0 1 2 3 7 5 6
10 10 10 10 10 10 10
Frequency (Hz) Frequency(Hz)
Fig.15. Frequency-dependent AC SPV of thermally oxi- Fig.16. Frequency-dependent AC SPV of Al-contaminated
dized Al-contaminated n-type Si(001) wafers (D); n-type Si(001) wafers oxidized for 3h between 550
the oxide thickness was etched away to depths of and 900 C.

0.8 (@ ; the etching time was 15 s) and 2.4 nm (®;
the etching time was 62 s).

dation for 10 min.

For a strongly inverted state at an oxidation temperature of 800 C for 1h (Fig. 2 of Ref. 85), the thickness of the
Al-induced negative charge region is quantitatively determined to be 2.4 nm on the basis of AC SPV after successive
step etching and chemical analysis as shown in Fig. 15.%Y Table 1 shows a summary of the Al concentrations of the
wafers of which SiO: was etched stepwise, and the AC SPV occurrence corresponding to Fig. 15. The Al concentration
analyzed for the sample oxidized at 800 C for 1h was 4.0x 10" atoms/cm?, and the amounts of other impurities
were under the detection limit. As oxidation duration increased at 800 C for 3 h, the strongly inverted state changed
into a weakly inverted state, where the thickness of the Al-rich region is reduced (0.8 nm), proving that more than
half of the (AlOSi) =~ network collapse and/or Al diffuses inside SiO: during a longer oxidation duration (Fig.16).%

For thermally oxidized Fe-contaminated p-type Si wafer, Shimizu and Saitou®” clarified that the AC SPV was re-
duced depending on Fe concentration against the AC SPV of p-type Si wafer that oxidized cleanly (positive charge on
p-type Si). They reported that this result proves an appearance of a negative charge [ (FeOSi) ~ network] due to Fe
survived in thermal SiO; film layer. This result was quantitatively analyzed in the Fe-contaminated (001) surface of

%) At an oxidation of

n-type Si wafers on the basis of frequency-dependent AC SPV method by Shimizu and Otsuki.
650 C for 60 min, strong inversion is unquestionably observed in Fig. 17, proving that the (FeOSi) ~ network survives

and that most of the added Fe has segregated into the region closest to the surface of the thin SiO: film. At 850 C
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Fig.17. The frequency-dependent AC SPV of oxidised n-
type Si(001) wafers contaminated by an aqueous
Fe solution in which the SiO: has been etched step-
wise in an aqueous HF solution. The wafers had
been thermally oxidized at 650 C for 60 min and
the step etching times were 15 and 45 s. ® The origi-
nal oxide thickness was 4.3 nm.
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Fig.18. A schematic diagram of the metal (Fe)-induced
negative oxide charge (Qm)® described by a
(FeOSi) network in the thin SiO:film together
with the usual oxide charges.

and/or for long oxidation times, the AC SPV decreases and ultimately disappears, implying that the (FeOSi) ~ net-
work has collapsed and may have changed into Fe:O3 (Fig. 4 of Ref. 83). A model for the metal-induced negative ox-

96-98)

ide charge (@Qmi) in the conventional oxide charge diagram is proposed (Fig. 18).

3.4 Transfer from Schottky barrier type AC SPV to the Qmi type AC SPV in thermally oxidized Cr-contaminated
n-type Si(001) wafers

Immediately after rinsing n-type Si(001) wafer in an 10' - ‘ ‘
aqueous solution containing Cr (10 x4 g/mL; 5 min expo- 3\\\\ £=100Hz i?:i”
sure to air), the Cr (Cr®*+3e~ — Cr) deposited on the 100} o o
surfaces of the wafers had already been converted into X lday
Cr(OH); and/or Cr:03[analyzed by X-ray photoelectron g 107
spectroscopy (XPS)]. This Cr(OH)s/Si contact formed a = :

Schottky barrier on n-type Si. This gives rise to a deple- ; 102] oo

tion and/or an inversion layer formed at the surface, re-

sulting in the appearance of a frequency-dependent AC 107

SPV as shown in Fig. 19.7” With exposure to air, the AC |

SPV in n-type Si wafers was reduced. This happens be- I0_4100 100 102 10° 164 10°

cause Cr was oxidized and the Cr(OH)s became Cr:03
through the reaction 2 Cr(OH)s— Cr:03+ 3H:0, thus
reducing the Schottky barrier height.

The height of the Schottky barrier was estimated on
the basis of the frequency-dependent AC SPV characteris-

Frequency (Hz)

Fig.19. AC SPV vs frequency relationship as a function of
exposure time to air for Cr-contaminated n-type Si
wafers. The 45° degree dotted line indicates a
strongly inverted state which is proportional to 1/f
(f: frequency).

tics. First, the cut off frequency (fc = gmj /27 cap) was de-
termined to be at a frequency of 100 Hz in Fig. 19.7Y The

majority carrier conductance (gwj) and the depletion capacitance (cap) are given by the following equations: * 19

g, = \E‘I”Sﬂn exp(— E J smh(us - uF)+ sinhu,. (5)

E, LDiF(uS > uF)

where q is the electronic charge, ns is the electron density at the wafer surface, E;s is the surface electric field in-
tensity, Eo is the characteristic field intensity, Lpi is the intrinsic Debye length, ur is the dimensionless Fermi

potential,'¥ and us is the dimensionless surface potential. 'Y The function F (us,ur) is given by
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Flug,u,)= —\/E(cosh(us —u, )+ ugsinhu, —coshu, )’

and Cqp is given by the following equation:

Esi

c, =%
p
vw

(7)

£si is the permittivity of bulk Si and w is the depletion width. 2’ The donor concentration (Np) was 4 x10°m™3

in this experiment. The surface potential ( @) and Fermi potential ( @) were calculated to be - 0.45 and - 0.26 eV,
respectively. Thus, the barrier height (®5) was estimated to be 0.75 eV (Fig. 20) .7V Based on the electron affinity
of Si (xsi) (4.05eV), a schematic band diagram of the Cr-contaminated n-type Si interface is shown in Fig. 20.”V

Thus, the work function of the Cr (OH); was obtained as 4.8 eV. The previously reported work function of Cr was 4.5
eV. The work function difference (0.3 eV) between Cr(OH)s and Cr is caused by that bonds between Cr and OH need

more energy to excite electrons than that from Cr itself.

The Cr(OH)3/n-Si Schottky-barrier-type AC SPV in n-type Si(001) wafers faded away during long air exposure

at room temperature and/or thermal oxidation at 100 C
for a short time (10 min), indicating a collapse of the
Schottky barrier.” At 100 C, the AC SPV reappeared
with a longer duration time in n-type Si wafers (Fig.
21),% explaining the occurrence and growth of a negative
oxide charge owing to the formation of an atomic bridging
(CrOSi)~ or CrO:2~ network.” 1% At 200 C, the AC
SPV approached a strong inversion state in n-type Si.”” In
contrast, in p-type Si(001) wafers, the AC SPV decreased
with oxidation duration time at 100 C. At 200 C, the AC
SPV completely disappeared in p-type Si (Fig. 22).!V
This result explains why a positive fixed oxide charge in p-
type Si was compensated for by the growth of a Cr-in-
duced negative charge [(CrOSi)~ or CrO:  network].
This reverse interrelation gave evidence that the transla-
tion occurred from the Schottky barrier to the atomic
bridging AC SPV, and thus the Cr-induced negative
charge can be described as (CrOSi) ~ and/or CrO:z  net-
works as well as (AlOSi) ~ or (FeOSi) ~ networks.

—e—5 min
s —=—10 min

AC SPV (mV)

10° 10" 10 10° 10* 10°

Frequency (Hz)

Fig.21. AC SPV vs. frequency relationship for both the Cr-
aqueous-solution-rinsed p-type Si(001) wafers oxi-
dized at 100 T as a function of oxidation time. The
dotted line indicates a strongly inverted state.*’
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Fig.20. A schematic band diagram proposed for Cr-contami-

nated n-type Si for the case where a Schottky bar-
rier [Cr(OH)s-n-type Si contact] is formed.
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Fig.22. AC SPV vs. frequency relationship for the Cr-

aqueous-solution-rinsed p-type Si(001)wafers oxi-
dized at 200 C.
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3.5 Frequency-dependent Schottky barrier type AC SPV on Au-contaminated and thermally oxidized n-type Si(001)
surface

The increasing application of Schottky barrier devices and drastically miniaturized metal-oxide-semiconductor
(MOS) devices has strengthened the interest in interactions between metals and Si. For example, since a deeper un-
derstanding at atomic scale of the Au/Si interface is indispensable for producing miniaturized MOS devices, interfa-
cial reactions between Au and Si have been investigated in detail.!*'®” Moreover, the formation of nano-gold sili-
cides, used as Schottky barriers!® 'V and ohmic contacts in devices, is of particular interest in the emerging areas
of nanoscience and nanotechnology. > ¥

When n-type Si(001) wafers with a hydrophobic surface are rinsed in Au aqueous solution (Au surface
concentration: 2.3 10" atoms/ecm?), ™ frequency-dependent AC SPV is generated by the deposition of Au on the Si
surface (Au/n-Si Schottky barrier) as shown in Fig. 23. In comparison with the Au-contaminated sample, AC SPV
vs. frequency data of the sample immersed in HCI solution were demonstrated as Ref. The f. in the figure is a cut-off
frequency. 'Y After the exposure for 5 min in Au-contaminated sample, AC SPV already appeared and unchanged un-
til 8 days. In the low frequency region, AC SPVs were constant less than 40 Hz, and in high frequency region AC
SPVs were proportional to 1/f. Based on the principle of the AC SPV occurrence, these results demonstrate that de-
pleted or weakly inverted layers can be formed at the Au/n-Si interface. ” It was postulated that the AC SPV is
caused by the Schottky barrier.”” ™ Thus, the occurrence of AC SPV in Au-contaminated wafers differs fundamen-
tally from that originally described as the @umi***
by (AlOSi) = networks and/or AlO:2~ in n-type Si. At the

shown

moment, the Au/n-Si Schottky barrier might be consid- 1o’ Expo?sure time in Air
ered to be one of the most plausible causes of an occur- o . /. :|180HZ; —o—smin | |
rence of AC SPV. However, in reference to previous re- ——an
ports, gold silicide may be created at the Au/n-Si interface % 0 » Z:__iﬁ;’if ]
at relatively low annealing temperatures.'®®1%14 The ;
gold silicide might also cause AC SPV. & 102

Based on the value of Schottky barrier type AC SPV, % Ref.
heights of the Au/n-Si Schottky barriers were calculated 107 \ h\
to be 0.73-0.76 eV " for native oxide and 0.70 eV ™ for \/\ J\/\'
thermally oxidized Au-contaminated n-type Si, which are 0%

10’ 10' 10° 10° 10* 10°

comparable to a previously reported result (0.81 eV).!!
Upon oxidation of Au-contaminated Si(001) surfaces Frequency (Hz)

below 600 T for 30 min, the frequency-dependent AC SPV  Fig.23. Frequency-dependent AC SPV on the n-type Si

(001) surface deposited by Au-aqueous-solution.

P, 116) :
clearly appeared in Fig. 24, and the Si surface was thus Time shows exposure time in air of Au-deposited

postulated to be weakly inverted.'” This result indicates wafers.
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Fig.24. Frequency-dependent AC SPV of thermally oxi- Fig.25. Variation of frequency-dependent AC SPV of ther-
dized Au-contaminated n-type Si(001) wafer with mally oxidized Au-contaminated n-type Si(001) wa-
oxidation temperatures between RT and 900 C for fers with oxidation times between 10 and 360 min at

30 min. 750 C.
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that Au/n-Si Schottky barriers and/or gold silicide may cause AC SPV at the Au/n-Si interface.™ At 700 and 750 C,
the AC SPV in the low-frequency region decreases slightly and saturates. At oxidation temperatures of 800, 850, and
900 C for 30 min, the AC SPV was undetectable by the present instrument. Shimizu et al.” reported that the AC
SPV became undetectable for oxidation times longer than 60 min at 750 C, for which the oxide thickness was about
10 nm (Fig. 25). As for the elimination of AC SPV, the oxide thickness may play an important role, because AC SPV
vanished for the oxide thickness greater than 10 nm, irrespective of oxidation temperature and time. ™' Therefore,
in the near future, the relationship between AC SPV and frequency will be analyzed using the theory proposed by

17 on the basis of physical parameters such as oxide thickness.

Imamura
3.6 Behavior of gold nanocluster exposed in Au-contaminated n-type Si(001) surface at RT on the basis of AFM and
HR-TEM.

The behavior of Au nanoclusters at the Au/n-Si interface was investigated on the basis of an AFM and a trans-
mission electron microscope (TEM). Immediately after Au was deposited in a Au aqueous solution at room tempera-
ture, Au was assumed to exist as Au cluster on the Si surface by Omori et al. ”” Then, the Au-contaminated surface
was observed by an AFM to confirm the speculation. The AFM image of the Au-contaminated n-type Si(001) surface
immediately after Au was deposited in an Au aqueous solution at RT is shown in Fig. 26.!"® This image illustrates
granule-shaped nanometer-size (20-30 nm) clusters on the Si(001) surface. According to XPS analysis, soon after the
Au was deposited on the Si(001) surface, the thickness of the native oxide grown on the Au nanoclusters became very
small. 7™

This protuberance observed by the AFM must thus be a Au nanocluster covered with an ultrathin native oxide.
Hiraki et al.'”” have proposed a model in which SiO: film is readily formed over Au layers on a Si substrate, when the
Si substrate was covered with evaporated Au and heated at 100-300 C in an oxidizing atmosphere. This result is at-
tributed to the speculation that Si migrates through a Au layer and the Si atoms react with oxygen to form a SiO:

109" Green and Bauer 1109

film over the Au layer. have also reported that a gold silicide layer grows at RT because
Si atoms diffuse through the Au film.

Upon rinsing the specimen in the Au-contaminated aqueous solution, Au was deposited on the Si surface
(hydrophobic) by electron capture (Au®" + 3e ~— Au) because the reduction potential of Au®" is higher than that of
Si. According to previously reported XPS profiles of samples exposed to air for between 15 min and 8 days at RT,*”
the binding energy from the Au 4 f7/2 spectrum is 84.2 eV, which is close to that of Au (metal), i.e., 84 eV.*¥ Omori
et al.?” concluded that Au did not bond with oxygen and was still present in clusters on the n-type Si(001) surfaces
during the exposure to air at RT.

An HR-TEM image and a vertical line profile due to atoms of the Au-contaminated Si(001) wafer exposed to air
for 30 days at RT are shown in Fig. 27. The SiO: film layer was found to grow to a thickness of 2.8 nm on dark granu-
lar regions at the Au/n-Si interface, which may be composed of Au nanoclusters. This is possibly because Si atoms
may diffuse through the as-deposited Au layer and be oxidized at the top of the Au layer in air at RT in accordance

with the results obtained by Hiraki et al. '™ and Green and Bauer.'®™ In Fig. 27, the Au nano-clusters at the Au/n-
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Fig.26. Images observed by AFM of Au-contaminated n- Fig.27. Cross-sectional view by HR-TEM of an Au-contami-
type Si(001) surfaces immediately after Au deposi- nated n-type Si(001) wafer exposed to air for 30
tion at RT. days at RT.
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Si interface partly changed in form in comparison with those shown in Fig. 26, and parts of the Au nano-clusters are
embedded in the Si substrate. During long exposure to air at RT, the protuberances observed in AFM images are
formed by the Au nano-clusters covered with the SiO: film layer. The identity of the nano-size protuberances will be
discussed later.

3.7 Nano-size protuberances of thermally oxidized Au-contaminated Si(001) wafers observed by AFM, TEM and
STEM-EDS

An AFM image and a cross-sectional TEM image of the Au-contaminated Si(001) wafer thermally oxidized at

500 C for 30 min of shown in Figs. 28(a) and 28(b), respectively.''” Compared with the protuberances observed in

Fig. 28(a), those observed in Fig. 28(b) are changed in form. Small black granules at the Au/n-Si interface in Fig. 28

104109 and Fig. 27, a thin SiO: film may grow over the Au

(b) may be Au nanoclusters. According to former reports
nanoclusters.
An AFM image and a cross-sectional TEM image of the Au-contaminated Si(001) wafers thermally oxidized at

116 The cross-sectional image obtained by TEM

850 C for 30 min are shown in Figs. 29(a) and 29(b), respectively.
clearly identifies the existence of the Au nanoclusters (approximately 20 nm in size) at the Au/n-Si interface. The
identity of the protuberance in the AFM image is considered to be a bulge of the SiO: film layer (about 50 nm in size)
over the Au nanocluster. Thus, the bulges of the SiO: film layer over the Au nanocluster could be due to the previ-
ously reported enhanced SiO:z growth by the catalytic action of Au. Figure 30 gives an evidence of the enhanced SiO:
growth of Au-contaminated and thermally oxidized Si(001) wafer. %) Furthermore, in Fig. 29(b), there are two fin-
like structures on both sides of the Au nanocluster. These structures may be the regions where crystallized Au and Si
overlap, as evidenced by the HR-TEM image."'?

The line profile extracted from the energy-dispersive x-ray spectroscopy (EDS) maps in Au nanocluster embed-
ded of Si0:-Si regions is shown in Fig. 31.19 Values of the vertical axis are defined as conversion intensity number
of atoms into which counts were converted by using a Cliff-Lorimer k-factor obtained by software of NSS 3.0 (Thermo-
Fisher), and atomic mass unit (AMU). With consideration of the fact that the oxygen signal includes background of
approximately four counts due to contaminants deposited during the signal acquisition, the conversion intensity of

(a)

(b) D)

Fig.28. Analyses by (a) AFM, and (b) a cross-sectional  Fig.29. Analyses by (a) AFM, and (b) a cross-sectional
TEM technique, on Au-contaminated Si(001) wa- TEM technique, on Au-contaminated Si(001) wa-
fers thermally oxidized at 500 C for 30 min. fers thermally oxidized at 850 C for 30 min.
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oxygen atoms is two times larger than that of Si for distances of 20 to 30 nm. In Fig. 31, therefore, the band with a
thickness of 10 nm is considered to be due to the SiO: film layer.

A cross-sectional view of an HR-TEM image and a fast-Fourier-transform (FFT) diffractogram of the Au-con-
taminated Si(001) wafer thermally oxidized at 850 C for 30 min are shown in Figs. 32(a) and 32(b), respectively.
The HR-TEM image, which is a magnified region similar to that shown in Fig. 29(b), shows a Au nanocluster par-
tially implanted in the Si substrate. The relationship between the crystallographic orientations of Si[311], Au[200],
Si[111], and Au[020], obtained by HR-TEM complemented with FFT diffractogram analysis, is shown in Fig. 32(b).
This FFT pattern indicates spaced-apart parallel lattice planes, which were identified with a single crystal of Au (fcc
structure) and Si (diamond structure). As a result, each crystallographic orientation relationship shows that the di-
rection of Au[001] is parallel to Si[110] and that of the lattice plane Au(020) in parallel to Si(311), indicating the
epitaxial growth of Au. Regarding micrometer scale, it has been reported that annealing Au/Si junctions above the
eutectic temperature produces epitaxial ordering of Au
and Si on Si(001) and Si(111) surfaces, shown to be Au

_ _ _ _ 6
(111) // Si(111) and Au(132) // Si(123), respectively, by
Chang et al.''¥ 5 o

o— ” ”

As shown in Fig. 32(a), a moiré fringe is observed in £ Au
the Au nano-cluster overhanging the Si substrate. The % 4
moiré-fringe spacing corresponds to a parallel moiré spac- 2
ing (D = 0.83 nm) caused by parallel overlapping of two 'i:a 3
lattice fringes of Au(200) (di= 0.2039 nm) and Si(113) (d: = "RCA"

g 2
= 0.16375nm). The occurrence of the parallel Moiré ':-: —
fringes is evidence that both Au and Si crystals overlap = 1
each other, implying that the partial implanted Au parti-
cle embedded in the Si substrate grew as a single crystal 0
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with an fec structure, in other words, Au and Si did not

form an alloy. Oxidation time (min)

Fig.30. Comparison of the oxide thickness between Au-con-
taminated (“Au”) and RCA-rinsed ("“RCA”) n-type
Si(001) wafers thermally oxidized at 500 C as func-
tions of oxidation times.

for number of atoms (Counts)

Conversion Intensity

0 10 20 30 40
Distance (nm) 5 siam

< Au200

Fig.31. EDS line profile of the elements shown by an arrow
in the inserted HAADF-STEM image. Vertical axis
shows intensity converted from signal counts to
amount proportional to number of atoms. The
white rectangle superimposed on the image is the
EDS analysis area in Au nanocluster embedded of -
Si02-Si regions. Zone axis : Si |oiu//m.ioul]

(b)

Fig.32. Analyses by (a) a cross-sectional HR-TEM tech-
nique, and (b) FFT diffractogram of Au-contami-
nated Si(001) wafer thermally oxidized at 850 C
for 30 min.
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3.8 Positive charge generation in agueous HF-solution-dipped p-type Si surfaces
43)

As described in section 1.4, Shimizu and Munakata : " mE}{dny)
have reported another charge-induction mechanism in 2
which a positive charge appears shortly after aqueous HF
solution treatment of the Si wafer (surfaces become hydro- T"‘?
phobic and hydrogen-terminated).**® Figure 33 shows de- _ 0 \{)
pendence of AC SPVs on resistivity in p-type Si wafers 3 uof -1}.—_{.\ \k‘k\q
subjected to dipping in aqueous HF solution and exposed 5 30F {‘\‘H 3
in air, plotted against exposure time in air. Circles show 2 gl 6.,52:(}\} 000s
the resistivity of 33+1.2, triangles show that of 10+0.5 " i—q\;hﬂ\i‘i 4—¢0M\M
and X shows 1.3£0.02 Q - cm. Higher resistivity, higher AC 0 ' . ~ ]‘-1-1-4-1-:-:|
SPV, as previously reported. ¥ The appearance of AC SPV 10? 103 10* 10°

in p-type Si wafers reveals an occurrence of a positive Time [min}

charge. The observed plot of AC SPVs against exposure Fig.33. Resistivity dependence of AC SPV as a function of
exposure time. P-type Si wafers were treated by the

time showed a reverse S-shaped curve. The inflection - Sl
aqueous HF solution and exposed in air.

points in the plot of AC SPVs against exposure time corre-
spond well to the step growth of the native oxide (layer-by-
layer growth of the native oxide).*¥ The observed AC SPVs indicated that the positive charge decreases and/or is com-
pensated by negative charge created somewhere in the native oxide or at the interface, resulting in less inversion. If
some unpaired Si dangling bonds remain on the HF-solution-dipped surface, the dangling bonds (ionized Si) might
act as positive charge. If such ionized Si captures an oxygen atom, it loses positive charge by emitting a hole or by

9 Therefore, the disappearance of positive charge could be explained by the stepwise growth

capturing an electron.
of the native oxide.
Based on Munakata et al.,’¥ the present relative AC SPVs obtained with 2 kHz PB chopping for various resis-
tivities are in good agreement with the theoretical relative depletion layer thicknesses in strongly inverted p-type Si
wafers. Here, maximum AC SPVs were taken at the exposure time of 1 h. Hence, it is concluded that the surface

layer of the HF dipped p-type Si wafers is strongly inverted, at least for a short time after aqueous HF solution
dipping.

3.9 Qrinn-type Si wafers based on the existence of Qmi

In section 1.5, a positive charge called @ has been reportedly postulated to appear in thermally grown oxide on
p-type Si wafers. The origin of the charge has been considered to be dangling bonds of Si atoms located at the inter-
face between the SiO: layer and the p-type Si surface. @r should also appear in n-type Si wafers because similar dan-
gling bonds must also appear at the surface. As has been
described in section 1.5, the negative charge has been re-

ported for Al-contaminated and/or Al-contaminated and Si0/Si interface

oxidized in n-type Si(001) wafer. >33V However, it is not $i0p "’“"‘“Trai;tal
yet implemented so far whether @rin n-type Si is positive 60 s ; X
or negative charge. _ 50joo—{& p-type|Si
In order to overcome the possible ambiguity men- S, 40 I © oo
tioned above, two kinds of procedures are employed in the E 30 r o
present experiment. The first procedure is to add an extra 8 .
negative charge to the oxide layers of both n- and p-type < 20
Si wafers (Al-contaminated). With this additional nega- 100 %n-type 51, °°
tive charge, the AC SPV in the n-type Si wafers is ex- OLI-'-G =

¢ 10 20 30 40 50
Si0g thickness etched off (nm)

pected to increase and that in the p-type Si to decrease.
The second procedure is eth off the oxide layer in a step-
wise man.ner. After the ﬁ.rst etching of the’ oxide layer, the Fig.34. AC SPVs after stepwise etching of thermally grown
AC SPV in the p-type Si wafer abruptly jumps up to the SiO: layers on Al-contaminated Si(001) wafers.
Each AC SPV represents an average of those ob-
o o tained along the diameter of the sample wafer. Er-
the complete elimination of @mi(p,n) existing on the top ror bars extend to within +5% of the average values

highest leel as shown in Fig.34. This must correspond to



18 J. Coll. Eng. Nihon Univ. 58(1), September, 2016

surface of the oxide, and now Qr (p) is dominant in oxide charge. In this case, Q:(p) is negative. On the other hand,
the AC SPV in n-type Si wafer disappears as expected based on the former experimental results. After the deep etch-
ing of the oxide, a small peak of the AC SPV appeared when the oxide surface came close to SiO2-Si interface in the
n-type Si sample. In the p-type Si sample, a small dip appeared at the equivalent position. This small peak and dip
imply that the negative charge appeared somewhere in the oxide layer. Thus, @r, which is defined to be positive, in n-
type Si wafers is found to be almost completely neutralized by abundant carriers (electron in n-type Si) during ther-
mal oxidation at high temperature. Consequently, the positive oxide charge might disappear in n-type Si wafers. In-
stead, the resultant oxide charge in thermally oxidized n-type Si wafers is often negative because of possible

interface-trapped charge.
4. Conclusion

AC surface photovoltage (SPV) was used to clarify electric charge on the surface of silicon (Si) wafers treated
with standard clean SC-1(alkaline) and SC-2 (acid) solutions, hydrofluoric acid (HF), and intentionally contami-
nated solutions. Results show that trivalent aluminum (Al) and iron (Fe) contamination cause a negative charge
in the native oxide, resulting in the appearance of an AC SPV in n-type silicon possibly due to the formation of
(A10Si) ~ and (FeOSi) ~ networks. Pentavalent phosphorus (P) contamination causes AC SPV in p-type silicon by
creating a positive charge, possibly forming a (POSi) " network. Al and Fe segregate into the uppermost layer of the
thermally grown oxide and a negative charge survives even after thermal oxidation. Based on the generally ac-

) the induction effect of the metal impurities suggests metal-induced oxide charge (Qmi) in

cepted model by Deal,
thermal oxide. In contrast to a bridging mechanism, a positive charge appears in the hydrophobic surface of p-type
silicon wafers dipped in aqueous HF solutions, but weakens during the layer-by-layer growth of the native oxide, pos-
sibly because the ionized Si captures an oxygen atom and then loses positive charge by emitting a hole or by captur-
ing an electron.

For Cu-deposited surfaces, a Cu-Si contact is formed, and for this a Schottky-barrier type AC SPV is proposed.
As for Au-contaminated n-type Si wafers, a Schottky-barrier type AC SPV is clearly proved and heights of the Au/n-
Si Schottky barriers were calculated to be 0.73-0.76 eV for native oxide and 0.70 eV for thermally oxidized Au-con-
taminated n-type Si. The identity of the nano-size protuberance is considered to be a bulge of the SiO: film layer
(about 50 nm in size) over the Au nano-cluster. Thus, the bulges of the SiO: film layer over the Au nanocluster could
be due to the previously reported enhanced SiO: growth by the catalytic action of Au. The occurrence of the parallel
Moiré fringes is evidence that both Au and Si crystals overlap each other, implying that the partial implanted Au par-
ticle embedded in the Si substrate grew as a single crystal with an fcc structure, in other words, Au and Si did not
form an alloy. Furthermore, crystallographic relationship between Au nano-cluster and Si substrate was clarified.

In contrast to the @mi: induction mechanism (bridging mechanism), a positive charge appears in the hydrophobic
surface of p-type Si wafers dipped in aqueous HF solutions, but weakens during the layer-by-layer growth of the na-
tive oxide, possibly because the ionized Si captures an oxygen atom and then loses positive charge by emitting a hole
or by capturing an electron.

Finally, fixed oxide charge, @, in n-type thermally oxidized Si is neutralized because dangling bonds at the Si-
SiO; interface, even if positive, are captured by abundant majority carriers (electron in n-type Si) from the sub-

strate, that is, electron in this case.
5. Acknowledgements

This work was conducted originally in Hitachi, Ltd. The authors are indebted to financial support of Hitachi,
Ltd. Part of this work was conducted at the Center for Nano Lithography & Analysis at the University of Tokyo un-
der the support of the Ministry of Education, Culture, Sports, Science and Technology (MEXT), Japan. The author
thanks Dr. C. Munakata, Dr. N. Honma, and Dr. M. Ikeda. The authors are grateful for financial support from
College of Engineering, Nihon University.

6 . References

1) W. H. Brattain: Phys. Rev., 72, pp. 345 (1947).
2) W. H. Brattain and J. Bardeen: Bell System Tech. J., 32, pp. 1 (1953).
3) C.G. B. Garrett and W. H. Brattain: Phys. Rev., 99, pp. 376 (1955).



4)
5)

6)

7)
8)

9)
10)

11)
12)
13)
14)
15)
16)
17)
18)

19)

20)

Summary of Alternating Current Surface Photovoltage Measurements in Silicon Semiconductor Wafers 19

E. O. Johnson: J. Appl. Phys., 28, pp. 1349 (1957).

A. M. Goodman: A method for measurement of short minority carrier diffusion lengths, J. Appl. Phys., 32, pp. 2550-2552
(1961).

J. Lagowski, P. Edelman, M. Dexter and W. Henley: Non-contact mapping of heavy metal contamination for silicon IC fabrica-
tion, Semicond. Sci. Technol. 7, pp. A185- A192 (1992).

G. Binning and H. Rohrer: Scanning tunneling microscope: Hel. Phys. Acta., 55, pp. 726 (1982).

G. Binning, H. Rohrer, Ch. Gerber, and E. Weibel: 7x7 reconstruction on Si(111) resolved in real space, Phys. Rev., 50,
pp.120-123 (1983).

J. M. R. Weaver and H. K. Wickranmasinghe: J. Vac. Sci. Technol., B9, pp. 1562 (1991).

For example, A. Goetzberger and W. Shockley: J. Appl. Phys. 31, pp. 1821 (1960); P. S. D. Lin, R. B. Marcus and T. T. Sheng:
Leakage and breakdown in thin oxide capacitors-Correlation with decorated stacking faults, J. Electrochem. Soc. 130, pp.
1878 (1983); R. Takizawa T. Nakanisi and A. Ohsawa: Degradation of metal-oxide-semiconductor devices caused by iron impu-
rities on the silicon wafer surface, J. Appl. Phys., 62 (12), pp. 4933-4935 (1987).; M. Takiyama: Effect of metal contamination
causing gate oxide dielectric breakdown, Clean Technology, 8 (5), pp. 31-35 (1998). ; W. B. Henley, L. Jastrzebski, and N. F.
Haddad: J. Non-Cryst. Solids, 187, 134 (1995); D. A. Ramappa and W. B. Henley: J. Electrochem. Soc., 146, 2258 (1999).

H. C. Gatos and J. Lagowski: Surface photovoltage spectroscopy- A new approach to the study of high-gap semiconductor sur-
faces, J. Vac. Sci. & Technol., 10, pp. 130-135 (1973).

R. S. Nakhmanson: Frequency dependence of the photo-EMF of strongly inverted Ge and Si MIS structures, Solid-State
Electron., 18, pp. 617-626 (1975).

E. Kamieniecki: Determination of surface space charge capacitance using a light probe, J. Vac. Sci. & Technol., 20, pp. 811-814
(1982).

C. Munakata, S. Nishimatsu, N. Honma and K. Yagi: AC surface photovoltages in strongly-inverted oxidized p-type silicon
wafers, Jpn. J. Appl. Phys., 23, pp. 1451-1461 (1984).

C. Munakata and S. Nishimatsu: Analysis of ac surface photovoltages in a depleted oxidized p-type silicon wafer, Jpn. J.
Appl. Phys., 25, pp. 807-812 (1986).

C. Munakata: Analysis of ac surface photovoltages in accumulation region, Jpn. J. Appl. Phys., 27, pp. 759-764 (1988).

C. Munakata: Progress in ac surface photovoltage studies, Asia-Pacific Eng. J. 1, pp.3-24 (1991).

L. Jastrzebski, W. Henley and C. J. Nuese: Solid State Technol. 7, pp. A185 (1992).

K. Kronik and Y. Shapira: Surface photovoltage phenomena: theory, experiment, and applications, Surf. Sci. Reports, 37, pp.1-
206 (1999).

D. Schroder: Surface voltage and surface photovoltage: history, theory and applications, Meas. Sci. Technol., 12, pp. R16- R31
(2001) .

21)J. Lagowski, A.M. Kontkiewicz, L. Jastrzebski and P. Edelman: Method for the measurement of long minority carrier diffusion

22)

23)

24)

25)
26)

27)

28)

29)

30)
31

32)

33)

34)

lengths exceeding wafer thickness, Appl. Phys. Lett., 63, pp. 2902-2904 (1993).

E. Kaminiecki: 176th Electrochem. Soc. Fall Meeting, Ext. Abstr. Vol. 89-2, p. 594, Electrochem. Soc., Hollywood, FL (1989).
J. Ruzyllo, P. Roman, J. Staffa, I. Kashkoush, and E. Kamieniecki: Process, Equipment, and Materials Control in Integrated
Circuit Manufacturing II, Proc. of SPIE (The International Society for Optical Engineering, Austin, Texas, 1996) Vol. 2876,
p. 162.

K. Kinameri, C. Munakata and K. Mayama: A scanning photon microscope for non-destructive observations of crystal defect
and interface trap distributions in silicon wafers, J. Phys., E.; Sci. Instrum. 21, pp. 91 (1988).

C. Munakata and S. Matsubara, J. Phys. D: Appl. Phys., 21, pp. 1093 (1983).

H. Shimizu, N. Honma, C. Munakata and M. Ota: Nondestructive observation of surface flaws and contaminations in silicon
wafers by means of a scanning photon microscope, Jpn. J. Appl. Phys., 27, pp.1454-1457 (1988).

H. Shimizu, C. Munakata, N. Honma, S. Aoki and Y. Kosaka: Observation of ring-distributed microdefects in Czochralski-
grown silicon wafers with a scanning photon microscope and its diagnostic application to device processing, Jpn. J. Appl.
Phys., 31, pp. 1817-1822 (1992).

N. Honma, H. Shimizu and C. Munakata: Simplified ac photovoltaic measurement carrier lifetime in Czochralski-grown sili-
con wafers having ring-distributed stacking faults, Jpn. J. Appl. Phys., 32, pp. 3639-3642 (1993).

L. Jastrzebski, O. Milic, M. Dexter, J. Lagowski, D. DeBusk, K. Nauka, R. Witowski, M. Gordon and E. Persson: J. Electro-
chem. Soc., 140, 1152 (1993).

G. Zoth and W. Bergholz: A fast preparation-free method to detect iron in silicon, J. Appl. Phys., 67, pp. 6764-6771 (1990).

W. Kern and D. A. Puotinen: Cleaning solutions based on hydrogen peroxide for use in silicon semiconductor technology, RCA
Rev,, 31, pp. 187-206 (1970).

C. Munakata and H. Shimizu: Aluminum-induced AC surface photovoltage in n-type silicon wafers, Semicond. Sci. Technol.,
5, pp. 991-993 (1990).

H. Shimizu and C. Munakata: Effects of chemical surface treatments on the generation of ac surface photovoltages in n-type
silicon wafers, Semicond. Sci., Technol., 6, pp.756-760 (1991).

H. Shimizu and C. Munakata: Confirmation of aluminum-induced negative charge in native silicon dioxide, Jpn. J. Appl.
Phys., 30, pp.2466-2467 (1991).



20

35)

36)

37)

38)

39
40

= =

41)

42)

43)

44)

45)

46
47)

Nibd

43)

49
50

= =

51)

52

N

53)

54)

55)

56

Nibd

57)

53)

59)

60)

61)

62)

63)

64)

J. Coll. Eng. Nihon Univ. 58(1), September, 2016

H. Shimizu, K. Kinameri, N. Honma and C. Munakata: Determination of surface charge and interface trap densities in natu-
rally oxidized n-type Si wafers using ac surface photovoltages, Jpn. J. Appl. Phys., 26, pp. 226-230 (1987).

S. Kawado, T. Tanigaki, T. Maruyama, M. Yamasaki, O. Nishima and Y. Oka: SIMS analysis of aluminum contaminants on
silicon surfaces, Semiconductor Silicon 1956, edited by H. R. Huff, T. Abe and B. Kolbesen, pp. 989-998, Electrochem. Soc.
Inc., Pennington, NJ, (1986).

H. Shimizu, N. Honma, and C. Munakata and H. Shimizu: Measurement of oxide charge densities in Al, Fe-contaminated na-
tive oxide layers on n-type Si wafers, Ext. Abstr. 54th Autumn Meeting of the Japan Society of Applied Physics, 11p - B -16,
Vol. 2, p. 707 (Okayama, October, 1991) .

H. Shimizu and C. Munakata: Nondestructive diagnostic method using ac surface photovoltage for detecting metallic con-
taminants in silicon wafers, J. Appl. Phys., 73, pp. 8336-8339 (1993).

R. K. Iler: The Chemistry of Silica (Wiley, New, York, 1965) p. 83, 192.

G. Eisenman: Advances in Analytical Chemistry and Instrumentation, edited by R. N. Reilley, pp. 339-344 (John Wiley &
Sons, New York, 1965).

H. Shimizu and C. Munakata: Iron-induced alternating current surface photovoltages in n-type silicon wafers, Appl. Phys.
Lett., 62, pp. 276-277 (1993).

H. Shimizu and C. Munakata: Phosphorus-induced positive charge in native oxide of silicon wafers, Appl. Phys. Lett., 64, pp.
3598-3599 (1994).

H. Shimizu and C. Munakata: Effects of chemical surface treatments on the generation of AC surface photovoltages in p-type
silicon wafers, Semicond. Sci. Technol., 5, pp. 842-846 (1990).

H. Shimizu: Behavior of metal-induced oxide charge during thermal oxidation in silicon wafers, J. Electrochem. Soc., 144, pp.
4335-4340 (1997).

H. Shimizu: Atomic bridging and barrier-type AC surface photovoltage measurements on iron- and copper-contaminated sili-
con surfaces, J. Electrochem. Soc., 150, pp. G725- G729 (2003).

Y. J. Chabal, G. S. Higashi, K. Raghavachal and V. A. Burrows: J. Vac. Sci. Technol., A7, pp. 2104 (1989).

G. S. Higashi, Y. J. Chabal, G. W. Trucks, and K. Raghavachal: Ideal hydrogen termination of the Si (111) surface, Appl.
Phys. Lett., 56, pp. 656-658 (1990).

G. W. Trucks, K. Raghavachal, G. S. Higashi and Y. J. Chabal: Mechanism of HF etching of silicon surfaces; A theoretical un-
derstanding hydrogen passivation, Phys. Rev. Lett., 65, 504 (1990).

T. Sunada, T. Yasaka, M. Takakura, S. Miyazaki and M. Hirose: Jpn. J. Appl. Phys., 29, pp. L2408 (1990).

M. Morita, T. Ohmi, E. Hasegawa, M. Kawakami, and M. Ohwada: Growth of native oxide on a silicon surface, J. Appl. Phys.,
68, pp. 1272-1281 (1990).

F. Yano, T. Itoga and K. Kanehori: X-ray photoelectron spectroscopy study of native oxidation on misoriented Si (100), Jpn.
J. Appl. Phys., 36, pp. L670- L672 (1997).

T. Yasaka, M. Takakura, S. Miyazaki and M. Hirose: Layer-by-layer oxidation of silicon, Mat. Res. Soc. Symp. Proc. 222, pp.
225-230 (1991).

F. Yano, A. Hiraoka, T. Itoga, H. Kojima and K. Kanehori: X-ray photoelectron spectroscopy study of submonolayer native ox-
ides on HF-treated Si surfaces, J. Vac. Sci. Technol., A 13, pp. 2671-2675 (1995).

H. Watanabe, K. Kato, T. Uda, K. Fujita, and M. Ichikawa: Kinetics of initial layer-by-layer oxidation of Si (001) surfaces,
Phys. Rev. Lett., 80, pp. 345-348 (1998).

H. Watanabe, T, Baba and M. Ichikawa: Mechanism of layer-by-layer oxidation of Si (001) surfaces by two-dimensional oxide-
island nucleation at SiO2/Si interfaces, Jpn. J. Appl. Phys., 39, pp. 2015-2020 (2000).

T. Yasuda, N. Kumagai, M. Nishizawa, S. Yamasaki, H. Oheda and K. Yamabe: Layer-resolved kinetics of Si oxidation inves-
tigated using the reflectance difference oscilation method, Phys. Rev., B 67, pp. 195338 (2003).

T. Yasuda, M. Nishizawa, N. Kumagai, S. Yamasaki, H. Oheda, and K. Yamabe: Atomic-layer resolved monitoring of thermal
oxidation of Si(001) by reflectance difference oscilation technique, Thin Solid Films, 455-456, pp. 759-763 (2004).

Y. Takakuwa, F. Ishida and T. Kawawa: Phase transition from Langmuir-type adsorption to two-dimensional oxide island
growth during oxidation on Si(001) surface, Appl. Surf. Sci., 216, pp. 133-140 (2003).

S. Ogawa and Y. Takakuwa: Simultaneous observation of oxygen uptake curves and electronic states during room-tempera-
ture oxidation on Si(001) surfaces by real-time ultraviolet photoelectron spectroscopy, Surf. Sci., 601, pp. 3838-3842 (2007).
S. Ogawa, A. Yoshigoe, S. Ishidzuka, Y. Teraoka and Y. Takakuwa: Si(001) surface layer-by-layer oxidation studied by real-
time photoelectron spectroscopy using synchrotron radiation, Jpn. J. Appl. Phys., 46, pp. 3244-3254 (2007).

H. Shimizu and Y. Sanada: Collapse of Cr(OH)3/n-Si Schottky barrier and growth of atomic-bridging type surface photovolt-
ages in Cr-Deposited n-Type Si (001) wafers, Surf. Interface Anal., 44 , pp.1035-1038 (2012).

H. Shimizu and Y. Sanada: Anomalous oxide charge variation identified by alternating current surface photovoltage method
in Cr-aqueous solution-rinsed p-type Si(001) wafers exposed to air, Jpn. J. Appl. Phys., 50, pp. 111301-4 (2011).

H. Shimizu and C. Munakata: Effect of aluminum on ac surface photovoltages in thermally oxidized n-type silicon wafers,
Jpn. J. Appl. Phys., 31, pp.729-731 (1992).

J. Kato and Y. Maruo: Investigation of the charge observed in thermal oxide films originating from SC-1 precleaning, J. Elec-
trochem. Soc., 139, pp. 1756-1759 (1992).



Summary of Alternating Current Surface Photovoltage Measurements in Silicon Semiconductor Wafers 21

65) H. Shimizu and C. Munakata: An ac surface photovoltage diagnostic technique for nondestructive detection of metallic con-
taminants in silicon wafers, Proc. of the Symp. on Diagnostic Technique for Semiconductor Materials and Devices, Miami
Beach, Vol. 94-33, pp.120-130, 1994, Electrochem. Soc. Inc., Florida (1994).

66) T. Itoga, H. Kojima and A. Hiraiwa: Degradation of SiO:/Si interface characteristics by aluminum contamination, Ext. Ab-
stract of the 1992 Int. Conf. On Solid State and Materials, Tsukuba, pp.434-436 (1992).

67) J. M. deLarios, D. B. Kao, C. R. Helms and B. E. Deal: Effect of SiO. surface chemistry on the oxidation of silicon, Appl. Phys.
Lett., 54 (8), pp.715-717 (1989).

68) H. Shimizu and S. Ishiwari: Iron distribution and iron-induced negative charge in thin SiO: films on silicon wafers, Mater.
Trans. JIM, 36, pp.1271-1275 (1995).

69) N.P. Bansal and R. H. Doremus: Handbook of Glass Properties, Academic Press, New York, p.28 (1986).

70) H. Shimizu, R. Shin, and M. Ikeda: Behavior of metal-induced negative oxide charges on the surface of n-type silicon wafers
using frequency-dependent AC surface photovoltage measurements, Jpn. J. Appl. Phys., 44, pp.3778-3783 (2005).

71) H. Shimizu, E. Omori and M. Ikeda: Anomalous behavior of Schttky barrier-type surface photovoltages in chromium-contami-
nated n-type silicon wafers exposed to air, Jpn. J. Appl. Phys., 45, pp.4982-4984 (2006).

72) E. Omori, H. Shimizu, and M. Ikeda: Analysis of Au/Si Schottky barrier type AC surface photovoltage in silicon wafer surface
dipped into Au aqueous solution, Electronics and Communications, Part 2, 90, pp.27-33 (2007).

73)H. Shimizu, H. Wakashima, S. Shimada, T. Ishikawa and M. Ikeda: Au/N-type Si Schottky-barrier contact and oxidation kinet-
ics in Au-contaminated and thermally oxidized N-type Si(001) surfaces, Surf. Interface Anal., 40, pp.627-630 (2008).

74) H. Shimizu, S. Shimada, S. Nagase, S. Muta and M. Ikeda: Irregular Au profile on the SiO surface at the SiO--Si interface
and the oxidation kinetics of thermally oxidized Au-contaminated n-type Si(001) surfaces, J. Vac. Sci. Technol., A28, pp.94-98
(2010)

75) H. Shimizu and Y. Sanada: Schottky-barrier induced AC surface photovoltages in Au precipitated n-type Si(001) surfaces,
Jpn. J. Appl. Phys., 50, pp. 085701-5 (2011) [Erratum: 51, p. 079201 (2012)].

76) M. Morita, H. Ito, T. Uehiro and K. Otsuka: High resolution mass spectrometry with inductively coupled argon plasma ioni-
zation source, Analytical Sciences, 5, pp.609-610 (1989).

77) N. Bradshaw, E. F. H. Hall and N. E. Sanderson: Inductively coupled plasma as an ion source for high-resolution mass spec-
troscopy, J. Anal. At. Spectrom., 4, pp. 801-803 (1989).

78) J.Fucsko, S. S. Tan and M. K. Balazs: Measurement of trace metallic contaminants on silicon wafer surfaces in native and di-
electric silicon oxides by vapor phase decomposition flow injection inductive couples plasma mass spectrometry, J. Electro-
chem. Soc., 140, 1105 (1993).

79) A. Shimazaki, H. Hiratsuka, Y. Matsushita and S. Yoshii: Chemical analysis impurities in SiO: films, Extended abstracts of
the 16th (1984 international) conference on solid state devices and materials, Kobe., pp. 281-284 (1984).

80) R.S. Hockett and W. Katz: Comparison of wafer cleaning processes using total reflection X-ray fluorescence (TXRF), J. Elec-
trochem. Soc., 136, pp. 3481-3486 (1989).

81) M. Hourai, T. Naridomi, Y. Oka, K. Murakami, S. Sumita, N. Fujino and T. Shiraiwa: A method of quantitative contamina-
tion with metallic impurities of the surface of a silicon wafer, Jpn. J. Appl. Phys., 27 (12), pp. 2361-2363 (1988).

82) M. Takiyama, S Ohtsuka, and M. Tachimori: Influence of magnesium and zinc contaminations on the dielectric breakdown
strength of MOS capacitors, Technical report of IEICE, SDM92-176, pp 57-64 (1992).

83) J. M. Delarios, C. R. Helms, D. B. Kao and B. E. Deal: Effect of silicon surface cleaning procedures on oxidation kinetics and
surface chemistry, Appl. Surf. Sci., 30, pp.17-24 (1987)

84) 0. d. Anttila, M. V. Tilli, M. Schaekers and C. L. Claeys: Effect of chemicals on metal contamination on silicon wafers, J. Elec-
trochem. Soc., 139, pp. 1180-1185 (1992).

85) H. Shimizu and C. Munakata: AC photovoltaic images of thermally oxidized p-type silicon wafers contaminated with metals,
Jpn. J. Appl. Phys., 31, pp. 2319-2321 (1992).

86) M. Hasebe, Y. Takeoka, S. Shinoyama and S. Naito: Proc. In. Conf. Defect Control in Semiconductor, Yokohama, 1989; Defect
Control in Semiconductor, ed. K. Sumino, p.157 (North-Holland, Amsterdam, 1990).

87) H. Shimizu and S. Ishiwari: Pack-extraction method combined with inductively coupled plasma mass spectroscopy to monitor
metal contaminants on surfaces of silicon wafers, Semicond. Sci. Technol., 15, pp. 776-781 (2000).

88) S. Kiyota and S. Ishiwari: Clean Technology 4, pp. 35 (1994).

89) H. Shimizu, S. Ishiwari and C. Munakata: Monitoring of ultra-trace contaminants on silicon wafers for ULSI by a novel im-
purity extraction and ac surface photovoltage methods, Mater. Trans. JIM, 38, pp. 319-325 (1997).

90) C. Munakata, S. Okazaki, and K. Yagi: Electron beam enhanced surface photovoltage, Jpn. J. Appl. Phys., 21, pp. L555- L557
(1982).

91) H. Shimizu and C. Munakata: Confirmation of aluminum-induced negative charge in thermally oxidized of silicon wafers Us-
ing AC surface photovoltage method, Jpn. J. Appl. Phys., 33, pp. 3335-3338 (1994).

92) H. Shimizu, H. Uchida, and S. Ishiwari: Confirmation of aluminum distribution in thermally grown oxide of silicon wafers,
Jpn. J. Appl. Phys., 33, pp. 5690-5691 (1994).

93) H. Shimizu, H. Wakashima, T. Ishikawa and M. Ikeda: Quantitative estimation of aluminum-induced negative charge region
top area of SiO: based on frequency-dependent AC surface photovoltage, Jpn. J. Appl. Phys., 46, pp. 7297-7299 (2007).



22 J. Coll. Eng. Nihon Univ. 58(1), September, 2016

94) H. Shimizu and S. Saitou: Iron-induced negative charge in thermally grown oxide of silicon wafers, Jpn. J. Appl. Phys., 34,
pp. 3071-3072 (1995).

95) H. Shimizu and T. Otsuki: Metal-induced negative oxide charge detected by an alternating current surface photovoltage in
thermally oxidized Fe-contaminated n-type Si (001) wafers, Thin Solid Films, 520, pp. 4808-4811 (2012).

96) B. E. Deal: The current understanding of charges in the thermally oxidized silicon structure, J. Electrochem. Soc., 121,
pp.198C -205C (1974).

97) B. E. Deal: Standardized terminology for oxide charges associated with thermally oxidized silicon, IEEE Trans. Electron De-
vices, ED-27, pp. 606-608 (1980).

98) R.S. Muller and T. I. Kamins: Device Electronics for Integrated Circuits 2" edition (New York: Wiley) section 8.4 (1986).

99) H. Shimizu and Y. Sanada: Translation from Schottky barrier to atomic bridging-type surface photovoltages in Cr-aqueous-
solution-rinsed Si (001) wafers, Jpn. J. Appl. Phys., 51, pp. 055702-1-5 (2012).

100) H. Shimizu and Y. Sanada: Collapse of Cr(OH) 5/n-Si Schottky barrier and growth of atomic-bridging type surface photovolt-
ages in Cr-deposited n-type Si (001) wafers, Surf. Interface Anal., 44 , pp.1035-1038 (2012).

101) H. Shimizu, S. Nagase and M. Ikeda: Alternating current surface photovoltage in thermally oxidized Cr-contaminated n-
type silicon wafers, Appl. Phys.A, 104, pp.929-934 (2011).

102) H. Shimizu, S. Shimada and M. Ikeda: Negative oxide charge in thermally oxidized Cr-contaminated n-type silicon wafers,
Jpn. J. Appl. Phys., 49, pp. 038001-1-038001-2 (2010).

103) A. Cros and P. Murei: Properties of noble-metal/silicon junction, Sci. Rep., 8, pp. 271-367 (1992).

104) A. Hiraki, E. Lugujjo and J. W. Mayer: Formation of silicon oxide over gold layers on silicon substrate, J. Appl. Phys., 43, pp.
3643 (1972).

105) A. K. Green and E. Bauer: Formation, structure, and orientation of gold silicide on gold surfaces, J. Appl. Phys., 47, pp. 1284

-1291 (1976).

106) A. K. Green and E. Bauer: Silicide surface phases on gold, J. Appl. Phys., 52, pp. 5098-5106 (1981).

107) A. Cros, F. Salyvan, M. Commadre and J. Derrien: Enhancement of the room temperature oxidation of silicon by very thin
predeposited gold layers, Surf. Sci., 103, pp. L109- L114 (1981).

108) N. Sumida and K. Ikeda: Cross-sectional observations of gold-silicon reaction on silicon substrate in situ in the high-voltage
electron microscope, Ultramicroscopy 39, pp. 313-320 (1991).

109) Y. Ishikawa, T. Saito and N. Shibata: In Situ transmission electron microscopy observation of Au-Si interface reaction, Jpn.
J. Appl. Phys., 35, pp. L796-798 (1996).

110) W. J. Kaiser and L. D. Bell: Phys. Rev. Lett., 60, pp. 1406 (1988).

111) Z. Ma and L. H. Allen: Phys. Rev., B 48, pp. 15484 (1993).

112) J. Biskupek, U. Kaiser, and F. Falk: Heat- and electron-beam-induced transport of gold particles into silicon oxide and sili-
con studied by insitu high-resolution transmission electron microscopy, J. Electron. Microsc. 57, pp. 83-89 (2008).

113) A. Rath, J. K. Dash, R. R. Juluri, A. Rosenauer, and P. V. Satyam: Temperature-dependent electron microscopy study of Au
thin films on Si(100) with and without a native oxide layer as barrier at the interface, J. Phys. D 44, pp. 115301 (2011).

114) B. Rout, B. Sundaravel, A. K. Das, S. K. Ghose, K. Seikar, D. P. Mahapatra, and B. N. Dev: J. Vac. Sci. Technol., B 18, pp.
1847 (2000).

115) A. M. Cowley and S. M. Sze: J. Appl. Phys., 36, pp. 3212. (1965).

116) H. Shimizu, A. Kumamoto and S. Imamura: Direct observation of Au nano-clusters at Au/Si interface and enhanced SiO.
growth due to catalytic action by Au in thermally oxidized au-precipitated n-type Si(001) surfaces, Jpn. J. Appl. Phys., 52, pp.
055702- 1 -5 (2013).

117) S. Imamura: Nihon Kikai Gakkai Ronbunshu, 71, pp. 338 (2005) [in Japanese].

118) A. Cros, J. Derrien, and F. Salvan: Catalytic action of gold atoms on the oxidation of Si(111) surfaces, Surf. Sci. 110, pp. 471-
490 (1981).

119) P. H. Chang, G. Berman and C. C. Shen: J. Appl. Phys., 63, pp. 1473 (1988).

120) C. Munakata and H. Shimizu: Fixed oxide charge in n-type silicon wafers studied by ac surface photovoltage technique,
Semicond. Sci. Technol., 15, pp. 40-43 (2000)






HARRSTHE A% 558% #5175 September, 2016

THEDRERIA NE G d5 K OREH OIS &
A

IYE

— 3k

Influence that emotion acknowledgment exerts on life satisfaction
rating and thanks mind

Koichi SAITO*

Abstract

In addition, the emotion can kindly become the motive of the action of the training of the mind and
body etc. ..ruined actions such as the suicide, bullying, and eating disorders, creative acts, and others... In ad-
dition, the positive emotion and an unpleasant emotion measure the life satisfaction rating and the thanks mind
for 1501 university students. It is reet, and it is happy, and sets “Positive emotion” such as “Sense of well-
being” of safety etc. and perseverance, the motivation, and confidence to positive emotion. And, it is thought
that the person is satisfied with the life with they can. On the other hand, feeling uneasy lonesomely,
“Depression” such as getting depressed, it is strained, and “Body” such as headaches and insomnias accord-
ing to Hitoshi’s “Uneasiness” and it is set as an unpleasant affect. If anything, man often feels the emotion of
the unpleasantness in the life. Naturally, it is thought that an unpleasant affect has the influence of the minus
in the satisfaction of the life. Well, if those unpleasant affects are firmly acknowledged when positively think-
ing about the life, the influence of the plus can be given to the life satisfaction. It is a hypothesis proven by
this text. As a result, the one to advocate the meaning that acknowledges the affect in daily life.

Key words: thanks mind, life satisfaction rating, positive-emotion, negative-emotion covariance structure analysis
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The Influencing from Emotional Cognition
to Student’s Volunteer Motivation on Junior High School

Koichi SAITO*

Abstract

This text aims to find the technique of the motivation to the volunteer. The respondent to a survey made
it to 373 junior high school students. A psychological scale is standardized by volunteer work. Both positive
and negative emotions are effective the motivation to the volunteer. Power to search for the emotion in a word
proves in the intention of the volunteer work and the hypothesis of influencing it is proven to the plus. As
a result, a psychological model the volunteer work is promoted and developed. It is the one to present the tool
that makes the volunteer work active.

Key words: volunteer work, volunteer motivation, positive or negative emotions, emotional regulation, emo-

tional cognition
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AT TI W WS, FRROIEZ X o TIT#ERS L
TWLRETH D, FERRRT 7 4 7IEEIEERIZIZIE
EDESNTwRwv, /72, @dzdfe LT #HhIe
WC—FHNTHEML 720 AL IRPEB LA ML A
St %, BAEOIZIZFEELC, W% W TRE OFIE
FEIRRICHAR L 720 2B 72— A3 — MICIE, MY, 2248
DARFLAT KD,

AR, ERERUM00%, 1 2E 4 EROFERETH S,
20084EDI0F 12 I 2 AKTE L 720 FAEZEIE, AbET373
I 72 (Table 1 ). HEIAIZZRIZ, 93.3%TH 5.

Table 1

BT
S

ARALE A

187 (50. 1%)
186 (49. 9%)

144
24
34

108 (29. 0%)
133 (35. 6%)
132 (35. 4%)

i 373 (100%)

2-2 HEME

(1) BT T4 TEFEDT © g 244374412, BRL4T
KTV T4 T7IZOWT, HHRBIEA CTERMALT LTV,
6IHH %I L 720 HEES KGN R0, KT
VTATERLEFFLE L TRYPERULTLH W,
ET L7

(2) CEIAESN (REEL KA, WA 5) 1
FHES) DMEHEAL L 2 ED A Ly —120oWnT, B
WOz 21TV, RKE (4HH), KABE (43HH)
REIRL, fHH L7ze SNOHSES LMD T
AN LREFEL & L TRUD2ERBLTL LW, ¢
ETL720 SFNAY AL, A MLy H =L LT, HEWIER
il (daily hassles) & LT, KABIRAIEIETH 5 &P,
WA IO rohn Lzl k, TA
FCEWEEZINS 2 & L) OHMEIEAREWE L 23
L72e 2 CTOLEMSMRIIBIZ, RO 2 WikiEx
BIRIE L SR 5,

(3) WEAOPEBIREE @ a2 FAE3THIC, Bl T
W EAIC O W T HHRBIE X CERFALT LT, 1200
BEIR U720 HEEES LI RTVh, KTV Tq
TERRLAFHELE L TREPZRLEL TS5, WAL
720

(4) PEAOAPUEE R RS AL L 7Aoo
LDER A N L ARISIZOWT, A (43HHE), #1195 -
(5IHH), tha (5IHH) %#®IRL, HHLA. AL
ALHFEOMR TH D FTHFNATD &, TIHAIS 120
BA ML ARIGE L OAPER & L TRRTEsZ L%

FL7Zo SNOPEAESAIZTPYRT VD, MNAZL
SFFHELTZEDPERULTHHVUGEI L7
EFRRER, o7 TEISHRWV (15H), »wbH
PoTIED (25), PehdHTTEDL (35), £TH
HTIEED (457) ODABRETIHET S L) KD

3. BRBLUEE

RT2T 4 TEEDFICEAT 2RF/ 2 — 21751
(XFRFZE, 7Ov v 7 X[EER)

RIS R E Lo R T 714 TR 6 EHEIZD
WTC, ZNOHRREELTCO 1O F ) TH L 0% R
T57:0, RFoh (ERTE Tu~xy 7 kg %
1Tolze SHICEND, BEMEZHEL VL2270,
a ¥ EH L7z (Table2). #5%, Z5-3E0%66.4% & 1
HWifETH o720 /2, affdhd. 0L, 702 K& B2
ToaRichy, RELLTONWESYE B X OEEE
IR CE 72 O LI L 72,

3-1

Table2 WHAEDKT 54 TEIFEDIFICHT 2 K F/8
¥ — 475 (ERTFE, Ta~y 7 A0k OE

KT o7 4 7HEEST (a=.90)

BEFCEER 2T 2wv . 861
K> TWd ANEBF 720 . 852
JLRAE LI NVASY . 808
T T 4 TR B D 792
D ND Tz DI Lz . 786
NFEDIGO ZHAEDLRRERE L2 . 783

RS 66. 4%

3-2 HEEOLEBHEOMAKCEATIERF/IIZ—>
75 (ERF%, 7O~ v 7 XEE)
FEEAEST3ZIRT L, DB IR DI S IHH 2D W T,
FNODREHEEEBEELTHFL WL b0, K
Fotr (ERFE Tuvy 7 A0E) 2475720 512
a R ARSI L7 (Table3). K, 2 THEETH D
ZNENEKERER (a =.80), KABLR (a =.75) Ly
L L7e aff¥d .80 758 702 TRBY, +44MET
HY, RELLTONYESHES I OMEBMELERT & 72,

Tabled ShiEADLRILRE  (REEL AN, FKEIHT
2) RO R T8 — 2475 (ERTHE, T~y
7 A nlg) OFERL

FIERR (o =.80)

SRS A ZBMiEL TV 5 . 821 .000
FhRE — WD ONFETE . 809 . 000
FHETHEDBOIT D 773 . 000
BobEHEA WD 754 .000
KANBIR (a=.75)

RKADB Y ZBEL TV D . 000 . 851
RADRAZEER LTS . 000 . 790
B3 — ANE - 5 TidAwn . 000 720
7T AD ELHIA L . 000 677

K- % 5.3 41.39 19. 15 3 60.54(%)



34 H AR T AR

3-3 ShREEORIEFEEICETIEF/ISZ— 175
(EEF&%, 7O~v vy 7 ZEER)

HEMEB2EE ICOWT, 2RO HEEEZ1s
PEEEZE L T b 0% WA 7ORTH (ERT5
TO<y 7 AWER) BT o 70 & I a R EFEH L 72 (Ta-
bled ). #E, 2HTMETHY, Theh, [F@h] [%
Ol THE] o720 ] [FeFE] L) [HBYHH B 5 54
& (a=.86), [72777][oFoX|[R2&E][HE L]
Ry F) ] [RA] &) HETEZ AL THRIGEK (a
=.87) Lantal7z. aff$hd.86 .87L. 705 A THY,
FTHRMETHY, REL L TONWESES X OEEEE
T E 72 o & HIWT L 72,

Table4d FZAEOPIEENCET 2K T/87 — 4751 (R
T, Tuvy s ANER) OFFR
EREE (o =. 86)
EETHD . 817 . 000
ZLLTWD 795 . 000
e LTWnD . 792 . 000
Ddo7-n ELTWD .737 -. 101
WHENTND . 687 . 000
FELTND . 644 173
PSR (o =. 87)
UrUsLTW5 . 000 . 877
X TFXFLTND . 000 . 843
ROHENBH TN D -. 146 . 839
HELY 122 . 673
AZvFYLTND .216 .612
LR TH D . 217 .575
FhHE %) 40. 21 16.21 21 56. 42

3-4 hZEEORRESHICEATIHD/ 2 — 175
(EBRAPH) DIERL
APIEBNZOWT, NS T TITEREL S N RE &
LT, ZNZIIZOWTHTDH (ERGHT) 211072
B aREEEH L (Table5). 21 Tk
THY, atffhd. 72 .83 .80L. 0% M2 Twb, T47%
fETHY, RELLTONMESES X OEBEEEZHHRT

A 58% 17 September,

2016

X720 LB L7z,

Table5 FEAAEORYUBEIIZEE§ 2 155735 — V175
(ER553HT)

R (a=.72) Moo (a=.83)
RETHD . 787 KB BHiALy . 814
SFFHDREBFENRND . 761 EH LW . 790
PP LTW5D . 751 FELWN 787
KEFFORBIFELTWD . 653 YN A . 744

G 54. 68% Do +5 . 684

Fh-ER 58. 54%
W7 (a=.80)
FEDNCI A AT B . 859
o> A2ME S Ly . 799
o NCHith 2@ U 5 LT74
DA D BRFE LW . 645
DTN U DD E LI D . 639
TR 55. 99%
3-5 HEERARBIR-FRIBERV KRS > T 1 7REE

(CRIZTRE

WIS DHEA AR IR 25 [RGB TAPES] <
SI2[RT v 4 TERIZED L) ISHEEST L, 45
B T 2 - COXART 2 175 72 (Fig. 1),

A FEEROESRE (373%) 1 LT, ETHLMILAEK
WT&FAMRESL L, a REDS. 102 B2 Tnb 2 Enbik
EWDH L LWL, FHARHERERER L, 5%
BHNZE % (observed variables) & L 72,

9, KI 074 THBOI 2 L0EMEIKE L2 5N5
[RT 74 T7ERM] L) ZHOBIIRE Y #%E L7z, K
EN TRANBIR] T5EE] #BlAMRE L L, TH&msh7E]
V) RS RRE LTz MRS THEE ) o3k
B LT [k MUK Eavd L7z mikl
(&) TA%] TH) 2] ofMZES2> S [REEE] &
V) S ORI & & REE L 72,

K DLEASMR ] 5 (#1188 RO [RT»
T4 TEE] I RIETEEIIOWT, NARBEEHL

@| #orr a7 |

GFI=.982
AGFI=.962
RMSEA=.041

Fig. 1

HEEDRT T 4 TEERO I RIT TR E SR, BHE), AUEE BT TV
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ZNZENOREEFREHEH LA (Fig. 1).
LoETFTVOEAEEX, GFI (Goodness of Fit Index)
—0.982, AGFI (Adjusted Goodness of Fit Index) — 0. 962
ELFRbEWEERL Twb, £72, RMSEA (Root
Mean Square Error of Approximation) (0. 041& 4512
WIEREEZRL TS, L7z > T, BT IVHERIL

ETNETHICHBELTWS LR on s,

COETVIZIE 2 ODWMNDHEIET 5o 1 21, RER
RKNBRDPEIF R ARETH D, o OAFEITFRES
PUEKEEENEES D E L, SR T Y71 TEREO
L, DFE, EEPRESLKABRO RIS 2L,
FRRELPEEE TIRRAT IR T > 7 4 TEIREO T
LEELLEVINHTH S,

W THREFZLF\ERPL LN v, WEET,
fE% AW EES SN ol v ) HTIEEREET 5,

L7L, &9 12ooiiud, EFICKELREREZFO,
FIER R NBRDIBIF TR WAGEE, s OISR
R PHEIR S 7D Lo L, ENo &2 Tl
ERT T4 TEEOTIE, S LV I)RRTHL,
2OF D, RERSKABBERIFTRVWE W) MEICH 54
WHTHoTh, [Thal [AR] [#9>) EARRLIEH %
T IZRRAN, WA LU, KT V74 TEWEDS TS F
BEVIHENTH o

APUBE SR, BRSO E N &V ) FRE G HIRD
W7o ZThUd, ARIEBNK S 2D ERED T35
FHEELIVEVEHIRTE 2, B LACALEDOREEIZ,
TWHERENEHVESEEZH L CTnAZ &id, BRI
T&L9,

Pk, BFEN2OEERNEE,
ARG EHTHHIY TTTORT V514 TEIESIT
X, ST TOHFEHIOERMEE LIZITEML TS,
molE, RESLKNEGEOEHELELICHEDLLT, [HEjx R
T ALY, RIy74 TEESTEEOOLNS &
WORHASEFTE 722 Ll b,

4. fEwRBIUVRE

R RIS B RT T THEBR, KA M
BRI 74 TIHENCBWTH, KT V71 7EED
I ERDG D 5 ) o

RRCTHETIRT V74 TEIEOTIE, HELEbS9
ETHEMBIVEEORIEL S, TlE, £H)X-oTH
T 5D

KNBRPRIEERE ST S S BT 2 B - Ak,
H# B FEFERL PG A b, BRI A &2 % 17
o TOMBANSEZIL, KT V74 TiHEISOHESN
DEFROMIBEZIED LD, Ty AT =R —x
WAEXV ML —= 2 7R AN, LHEASIR) )RR
RSB 2 @0 5 &V ) IREN R SN D, FENIZE DT,
HBEBLOTELDOHEZEIHILAZbDETZ L9,

LaL, Z2OXRZ MVORZEAT S 2 L1, ARHS
DEEB L ORGSRk e b5,

RI T4 TFEHRICIE

ANEERERSZABRICEEFNZWVEANE, HATHST
LB H DD B D DO TIE RV

RIERLKNERICEE N2 WO HR T, ABITRL &
RLH L EFEOWH o, BRRP VWL LK LOARE,
MENDORLLEBWEP SR ENLHEAFLIE L S5 215
BV ENTLHSOEBT STV, 2N OEEE U o
ALY, B ZEIZEVRT T4 TEME VI
xHLIENTEL, TNFEBOKRTH .

FRHY T, SFIFE LT ETHIY L 2R IC SRR
PUFIE A EET 5 2 Lo HIRBREEr BRI TOR
TR O, hAFEEZFEEL, Hbv, JESREERTT
FOHRE L SR VEI TN E/BL72012, 2 ¥ 785
NxEBLIEPRYTHLY, 2F ) HHOBBER B %
HYOFTERIEERIEHTHY, ARHOZREITFNS
ZHEBLOFMIT 2y — Ve Ab 9,

L5z, BRGSO E 238035, DFHVKLS
B & N2 RO DM S 2 WEEDRH b, 52 F1HE
FIOVWTOREVLELSEZ LI,

FHEY &, NE2HEE T T, [hA] 2 [#15 2]
[(A] 2 -FICBITI i3 Tany, 25I3EHT
FNBEBML, 2=V A FLTWL ZEIZERDD
b, EHFALTWAE, FFRERE AT AR,
LB A N L ARS (F58)) & LCToZENbI2 X ARIER
METRT A7 70 —F19 OFEFENZFRR LTS,

512, RO LHEBEZOR T, [EHHIH (emotional
regulation) 751 DDFALIZZR > TWb, Bz, HEH
HERY S F ) EMATITONDL [ M THhT] En)
W EOATAIEY, T AMIEBIAEIHEE 2o TEFD LD
BATHBIITOND Z EDEbLN T 5, [HEZHIHT 250
WREFEMOBEBENPLETH DL, REBSN5,

FEEEWES X O, KT 71 THEEROART
RGLBEHFRTHY, KRS ENLICHELGTEL L)
bDTH b,

il &

AEPETLI2H72o T, AEICHIL T2
AWNMFRDEEOH L S AL FAETIZBILe B L EITF72v,

ER POV B e

JRFEIE 2008 EHUEETE 2084

2) BTHE 1992 K7 > 747 -9 —20EHiE -]
alkEE 2H

3) SCHFFEE2008  HEE R R TR RS B
(http://www.mext.go.jp/component/a_menu/education/d-
etail/__icsFiles/afieldfile/2015/03/27/1282846_02.)

4) EEE 1997 HEHNEENC BT A RT T4 TEEOER
[ZoWT  FERINEBIF A, 6,23-34.

5) Lazarus, R. S. 1966 Psychological stress and coping proc-
ess New York : McGraw Hill

6) FrEEE— 2001 HEEAEOA b LA RISRILRZE
FHE PR, 61, 36-40.

7) Lazarus,R.S. 1993 From Psychological stress to the Emo-
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