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Oxygen-deficient centers and excess Si in buried oxide using photoluminescence spectroscopy
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Defects in buried oxidéBOX) in Si prepared from the separation by implantation of oxy¢8mMOX)
technique under various preparation conditions such as doses of op@8a—1.9)x 10*¥cm 2] and anneal
temperature$1310-1350 °Cwere investigated by a photoluminescence technique using synchrotron radiation
as a light source. Under excitation at 5.0 eV at room temperature, all the SIMOX BOX samples typically
exhibit a broad photoluminescen@@L) band in the range of 2—3 eV, which can be deconvoluted into three
Gaussian components at 3.1, 2.6—2.8, and 2.4 eV. The 3.1- and 2.6—2.8-eV bands have lifetimes of about 2—45
ns, while the 2.4-eV band has a much longer lifetime. In addition, some high-dose SIMOX BOX'’s prepared
with multiple oxygen implant steps show a 4.4-eV PL band with a lifetime of about 4 ns associated with a form
of oxygen-deficient center€©DC'’s) called ODCII) in a-SiO,, which were suppressed by a supplemental
oxygen implantation. The behavior of the short-lived 2—3-eV PL components was sensitive to the oxygen
doses and anneal temperatures, and conditions that tended to increase the 2—3-eV PL tended to decrease the
4.4-eV band. Etchback experiments of the BOX layer show that the defects responsible for the 2—3-eV band
were located at the BOX close to the superficial Si/BOX interface, while those for the 4.4-eV band exist
throughout the whole BOX layer. Comparison with high-temperature oxide grown on Si at 1350 °C suggests
that the postimplantation, high-temperature anneal results in the generation of defects responsible for the
short-lived 2—3-eV bands. Based on the similarities with the PL bands in Si clustersjnv@&@onclude that
the 2—3-eV bands in the BOX'’s are associated with Si clusters in. $80163-182609)03247-6

[. INTRODUCTION made using a photoluminescen@&d.) technique under exci-
tation by synchrotron radiatiohThe concentration of the
The buried oxidgBOX) prepared from the separation by ODC'’s in the SIMOX BOX was estimated to be as high as
implantation of oxygeriSIMOX) technique is one of the key ~10?°cm 3.2 This concentration is consistent with electrical
materials for the realization of silicon-on-insulaté8Ol) studies of electron trapswhich theoretical studies have in-
technologies. However, the SIMOX BOX exhibits peculiar dicated are due to oxygen vacanciéshus, the PL mea-
properties due to differences both in structural and electricafurement, which is a complementary technique to electrical
properties: when compared with conventional thermal oxide @1d ESR measurements, can give new insights into the de-
on Si. Electrically active defects in the BOX of the SIMOX fects in SiQ. The usefulness of the technique has been dem-
wafers, or other Si@films, have been studied mostly with onstrated by a series of PL studies on various forms of
electrical(charge-sensingechniques and with electron spin 8-SIiO,,  including - bulk silicd" and damaged thermal
resonanc€ESR). The electrical studies have typically shown oxide: _
that the BOX of the SIMOX has a much higher concentra- [N this paper, we report the results of a PL study on the
tion of electron and hole traps than normal thermal o%itdle, SIMOX BOX's prepared under various conditions such as
and higher concentration of tHe' centers are observed by OXygen doses and annealing temperatures. The formation of
ESR measurements in SIMOX than in thermal oxidinese  these PL centers is highly sensitive to manufacturing condi-
studies concluded that during the postimplantation, highlions such as oxygen doses and annealing temperatures. The
temperaturé> 1300 °Q anneal that is necessary to form the PL band_s in the 2—3-eV range are attributed to Si cIu_sters
SIMOX BOX, defects such as oxygen vacancies are gene@nd provide a method for studying how the SIMOX fabrica-
ated. The distinctive properties of the buried Si@twork tion conditions affect Si cluster formation.
have also been demonstrated by the presence of Si
cIustersg.'5*§ Thus, apart frqm the technological importange, Il EXPERIMENT
the formation of defects in the BOX's and their peculiar
properties are quite interesting from a basic physics view- Samples used in the present experiments were BOX lay-
point. ers produced by the SIMOX technique. Samples include
Among these studies, successful studies on oxygerew-dose [(0.39-0.6)x10"¥cm 2] single-implant (SI)
deficient center§ODC’s) in the SIMOX BOX have been BOX’s, intermediate-dose (0:910®¥cm 2) double-implant
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TABLE I. Sample list.

Anneal
temperature in BOX Implant
Ar+0.5% G Oxygen thickness energy and
Classification (°C) dose (18°cm ?) (nm) Implant step temperature
Low-dose 1310, 1330, 0.39-0.53 85-110 Sl 200 keV,
SIMOX 1350 590°C
Intermediate- 1310 0.9 176 DI 180 keV,
dose SIMOX 550°C
High-dose 1310 1.7-1.8 355, 330 SI, Tl 200 keV,
SIMOX (1000 for 570°C
supplemental 1.9 376 Tl (1.8<10%cm™?) 200 keV,
implant +Suppl.(0.2x 10'® 540 or 640 °C
cm ?)
Reference: 1350 None 118
High-temperature
oxide

&The SI, DI, TI, and Suppl. represent single, double, triple, and supplemental implantation of oxygen,
respectively.

(DI) BOX’s, and high-dos¢(1.7-1.8)x 10'%cm™2], Sl and  multiple oxygen implants, such as the intermediate-dose DI
triple-implant(Tl) BOX’s. The implant energy was 180—200 and high-dose TI SIMOX BOX'’s. It has been often observed
keV and postimplantation annealing was done int@5%  that the 4.4-eV PL band is accompanied by a weak PL band
O, for 5-8 h at various temperatures in the range of 1310-at 2.7 eV with a relatively long lifetime of 10 nis:* It
1350 °C. One of the high-dose Tl samples received a suppléhould be cautioned that the 2—3-eV PL band in Fig. 1 was
mental oxygen implant at a dose of &10cm™2, which  different from the “long-lived” 2.7-eV band associated with
was followed by annealing at 1000 °C. The surface Si layefODC (II), as shown later.
was etched off with hydrazine for the PL measurements on In order to see the low-energy PL band in detail, we com-
the BOX layer. For reference, a high-temperature thermapared the effects of implantation steps on the 2—3-eV band.
oxide grown at 1350 °C in Ar0.5% O was also investi- Shown in Fig. 2 are the PL spectra obtained for BOX'’s pre-
gated. More detailed specifications of these samples are surfared with (a) Sl (dose: 1.X10'*cm ), (b) DI
marized in Table I. (dose: 0.%X10"®cm™?), and(c) Tl (dose: 1.8&10®¥cm?)
Photoluminescence measurements were carrietf agt ~ implant. Despite the differences in oxygen doses, they ex-
ing the beamline U9B of the National Synchrotron Light hibit similar broad peaks around 2-3 eV. They can be de-
Source(NSLS) facility at Brookhaven National Laboratory convoluted into three Gaussian peaks at 3.1, 2.7-2.8, and
(BNL) equipped with an excitation double monochromator2.4—2.5 eV. The peak energy slightly varies from sample to
(Spex 1680. The PL from the sample was dispersed by asample, depending on the preparation conditions. We noticed
detection monochromat¢€hromey across the 2.5-cm-diam

bialkali photocathode of an ITT model no. F4146M position- 4.0 — No Suppllement.l':ll Implént
sensitive detector, which permits simultaneous recording of T With Supplemental Implant |-
spectral and temporal characteristics. As otherwise stated, PL =
excitation was done in air at a wavelength of 248 nmv ( % 3071
=5.0eV) at room temperature. @
c
<
Ill. RESULTS t 201
A. Intermediate- and high-dose SIMOX BOX'’s %
L
Figure 1 shows the PL spectra of high-dose TI SIMOX = 1o0F
BOX’s with an oxygen dose of 1:810*¥cm™2 with and -
without a supplemental oxygen implant of &10"¥cm 2, o
under 5-eV excitation and at room temperature. Two PL
bands at 4.4 and 2—-3 eV were observed for the TI BOX's 0.0
without a supplemental implantation. After the supplemental 20 25 30 35 40 45 50
implant, the 4.4-eV PL band was suppressed, while the PHOTON ENERGY (V)

2-3-eV band was further enhanced. The spectral feature of

the enhanced 2-3-eV band is slightly different from that F|G. 1. Typical PL spectra obtained for high-dose triple-implant
without the supplemental implantation, suggesting that th€dose: 1.&10'®cm™?) SIMOX BOX, with (t,,=376 nm) and
PL band comprises several components. We note that thgithout (t,,=355nm) supplemental implant(dose: 0.1
4.4-eV band was only observed for the BOX prepared byx10®¥cm™2).
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18 ns. A very slow component still appears as an increased
baseline, which will be later ascribed to the photoinduced PL
at 2.4 eV rather than to the long-lived 2.7-eV band.

(c) Triple Implant

120 T one in Fig. 3a). The increased baseline can be explained by
(8) Single Impiant the presence of a very slow{ 10 ms) decay component at
2.7 eV due to the triplet-to-singlet transition at the site of the

& 1007 ] neutral ODCII).®® Since the intensity of the “long-lived”
'é 2.7-eV component is smaller by an order of magnitude when
2 g = - compared with the short-lived 2—3-eV components as shown
@ (b) Double Implant in Fig. 3(b), the long-lived component, if any in Figs. 1 and
< 2, should be buried under the short-lived component. For the
= 60, ] TI BOX with supplemental implantation in Fig(8, the fast
;) 7 component with a lifetime of 2.7 ns significantly increases,
z k :> Z R with an additional decay component with a lifetime of about
= 40 |1
=

20 r

B. Low-dose SIMOX BOX’s
and high-temperature thermal oxide

0

222426 28 30 32 34 36 o _ _
Shown in Fig. 4a) is a PL spectrum obtained for a low-

PHOTON ENERGY (eV) dose BOX (dose: 0.5810®cm 2, annealed at 1350 9C
Curiously, the 4.4-eV band was not observed for the low-
dose BOX'’s prepared by a single implant step. This is con-
sistent with the preceding observation of the high-dose SlI-
MOX BOX’s that the generation of OD@) occurs as a
result of multiple implant steps. As in the case of the high-
dose SIMOX BOX, three Gaussian components can be iso-
lated from the 2—3-eV band. There are two major compo-
nents at 3.1 and 2.6 eV and a minor one at 2.4 eV. The peak
that the 2.4-eV band grows with increasing PL measuremerdnergy varies with oxygen doses by 0.1-0.2 eV as in the
time, suggesting that the 5-eV excitation results in the forcase of the high-dose BOX. For comparison, the PL spec-
mation of the PL centers. The formation of the 2—-3-eV PLtrum for high-temperature oxide grown at 1350 °C is also
centers strongly depends on the number of implant stepshown in Fig. 4b). Again, three PL components can be ob-
rather than the total oxygen dose. That is, the defects respogerved almost in the same energy range of 3.1, 2.7, and 2.4
sible for the 2—3-eV bands decrease with increasing implanéV for the high-temperature oxide. This indicates that the
steps. The multiple components observed for the 2—-3-e\postimplantation anneal above 1300 °C results in the forma-
band suggest the presence of several types of defects in thien of the 2—3-eV PL centers. It is therefore concluded that
BOX’s. In fact, three PL decay components were observedhe 3.1- and 2.6—2.7-eV bands are due to preexisting defects
from the time-resolved PL measurements, as shown latem the BOX introduced during the high-temperature anneal,
We note again that the 2.7-2.8-eV component is differentvhile the 2.4-eV band can be ascribed to a photoinduced
from the *“long-lived” 2.7-eV band associated with one. Since the high-temperature oxide does not exhibit the
oDc(l). 4.4-eV band, the high-temperature annealing alone does not
Shown in Fig. 3 are the PL decay profiles @) the induce the neutral OD@).
4.4-eV and (b) the 2-3-eV band for the high-dose TI Figures %a) and 8b) show the PL decay profiles of the
SIMOX BOX without the supplemental implant, aific) the ~ 2—3-eV band for the low-dose SIMOX and the high-
2-3-eV band for the one with the supplemental implant. Theemperature oxide, respectively. The low-dose SIMOX
decay of the 4.4-eV PL follows approximately a single ex-shows a fast decay component with a lifetime of about 2.9 ns
ponentiall «exp(—t/7)] with a lifetime of about 4 ns. Based and a slower one with about 45 ns, together with an in-
on the peak energy, the PL excitation band at 5 eV, and thereased baseline component. For the case of the high-
lifetime, the 4.4-eV PL can be ascribed to the excited-singletemperature oxide, three components similar to those for the
(S;) to ground-state %) transition at the site of low-dose SIMOX are observed. Their lifetimes of the two of
ODC(I1).112 Thus, the supplemental implantation sup-them are estimated to be 2.3 and 11 ns. The variation in the
pressed the generation of the neutral GDn the TI BOX. lifetimes for the fast component from 2.3-2.9 ns and a
Since the oxygen-deficient centers are considered to be orstower one from 18—45 ns can be accounted for by the dif-
of the major traps in the BOX layefghis is consistent with  ferences in the degree of coupling to nonradiative channels
a previous repotf showing that SIMOX BOX with a affected by the local structure of the defects. Thus, the ob-
supplemental oxygen has less electron and hole traps. served 2—-3-eV band is the same as those observed in the
On the other hand, the 2-3-eV band shows a multipléhigh-dose SIMOX BOX'’s with respect to both the lifetime
exponential decay, which was expressed as a sum of severahd the peak energy.
components. As shown in Fig(l3, the decay comprises a In order to obtain information on the electronic excitation
fast decay with a lifetime of 2.7 ns together with an increasegrocess of the PL band, we measured PL excitatfInE)
baseline componern(by a factor of 10 compared with the spectrum of the 2—-3-eV band. Shown in Fig. 6 is a PLE

FIG. 2. PL spectra obtained for high-dose SIMOX BOX's for
various oxygen doses with different number of implant steéps;
single implant(dose: 1.% 10¥cm™2, t,,=330 nm),(b) double im-
plant (dose: 0.X10"®¥cm™2, t,,=176 nm) annealed at 1310 °C,
and(c) triple implant(dose: 1.& 10"¥cm™2, t,,=355 nm). Decon-
volution was carried out assuming three Gaussian components.
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FIG. 3. Decay curves obtained féa) the 4.4-eV PL band and
(b) the 2—3-eV band observed for the triple impldit) SIMOX
BOX without supplemental implarf®, 2.7 ng and(c) the 2—-3-eV
band for the TI BOX with supplemental implafi®, 2.7 ns;A, 18
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FIG. 4. PL spectra obtained fda) a low-dose SIMOX(dose:
0.53x 10*¥cm™2, annealed at 1350 °Q@,,= 109 nm) and(b) high-
temperature oxide grown on Si in A0.5%0, at 1350 °C for 8 h
(tox=118 nm). Deconvolution was carried out assuming three
Gaussian components.

spectrum obtained for the 2-3-eV band in the low-dose
SIMOX BOX. The PLE peak is located at 5.4 eV and exhib-
its a broad distribution over 4—6 eV. It should be noted that
the PLE energy of 4—6 eV coincides with the one at which
traps related to excess Si in SIMOX BOX's can be
photoionized: This will be discussed in detail in conjunction
with the electrical properties of the SIMOX BOX’s reported
in the literature. We also confirmed that the PLE peak for the
4.4-eV and long-lived 2.7-eV bands in the triple-implant Sl-
MOX lie at 5.0 eV(data not shown The different energy of
the PLE peak is further evidence that OQICis not respon-
sible for the 2—3-eV band. In order to summarize these ob-
servations, we show the characteristics of the PL bands for
these SIMOX BOX’s in Table II.

C. Dependence on oxygen doses and anneal temperatures

Shown in Fig. 7 are the PL intensities as a function of
oxygen doses fofa) the low-dose €0.53x 10'¥cm ?), and
(b) the intermediate- and high-dose>0.9x 10cm?)
SIMOX BOX’s. For the low-dose SIMOX BOX'’s shown in
Fig. 7(a), the three PL bands at 3.1, 2.6, and 2.4 eV exhibit
similar trends as a function of doses, which have maxima at
a dose of 0.4910cm 2 For the high-dose SIMOX
BOX’'s shown in Fig. Tb), the intensities of the three PL
bands depend on the number of implant steps rather than the
oxygen doses (StDI>TI). On the other hand, the 4.4-eV
PL band associated with ODIT) increases with the number
of implant steps (T+DI>SI). The latter result indicates that
the formation of the 4.4-eV band, or the OD, results
from the multiple implant steps, where the damage into BOX
layers is expected to occur by the subsequent oxygen implan-
tation into the BOX. In fact, the 4.4-eV PL band has been
typically observed in ion-implanted thermal oxitfeThus,

ns). The long-lived 2.7-eV and photoinduced 2.4-eV bands appeathe observed 4.4-eV PL band is due to the damage induced

as the baseline components, respectivelybjnand (c) (see text

by oxygen implantation. Shown in Fig. 8 is the dependence
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102 —— , . T FIG. 6. Photoluminescence excitation spectra of the short-lived
(b) High-Temperature Oxide 2-3-eV band obtained for a low-dose (0x490¥cm2t,,
c’ﬁ‘ 2.3 eV band =110nm) SIMOX BOX annealed at 1310 °C.
5 tion of the 2—3-eV PL center behaves as functions of both
o anneal temperature and oxygen concentration. Overall, the
EE buried oxide annealed at 1350 °C had the lowest intensity of
> 2-3-eV PL.
|_
%) s
E 10° . o - M D. Depth profile of the PL centers
z . N | Shown in Fig. 10 are the PL intensities of the short-lived
7 (W %-0 -0-0—0 0o 0-0—0 o 2-3-eV band and the 4.4-eV band as a function of HF etch-
' \ back time obtained for the low-dose and high-dose SIMOX
1g | . . U, BOX’s. It is shown that the locations of the PL centers are
5 0 5 10 15 20 distinctively different between the short-lived 2—-3-eV and

the 4.4-eV PL bands. While the 4.4-eV PL centers exist
TIME (ns) throughout the BOX layer, the 2—-3-eV PL centers are local-
ized in the BOX close to the top Si/Sjanterface.

FIG. 5. The PL decay curves 6d) low-dose SIMOX BOX and The increased intensity for the 4.4-eV band after the first
(b) high-temperature oxide. The lifetimes of these components argich step in Fig. 10 may be ascribed to the high concentra-
(@ O, 2.9 ns andA, 45 ns, andb) O, 2.3 ns andA, 11 ns. There i of defects that will inhibit the penetration of 5-eV pho-
are additional b_asellne co_mp_oneni@) due to the photoinduced tons into the BOX layer. If we assume the removal of about
2.4-eV bands with longer lifetimes for both samples. 10% or 40 nm of oxide after the first etch step, the absorption

coefficient at 5 eV is estimated to be X&0°cm ™%, an in-
of the PL decay curves on the dose obtained for the low-doseerse of the penetration depth of 40 nm. However, this value
SIMOX. As already seen in Fig.(&), the overall intensity of gives an unreasonably high concentration of the neutral
the decay curve shows a maximum at a dose of 0.4®DC(II) of the order of~10?2cm 2 using a reported oscil-
x 10" cm™2. While there is no significant change in the lator strength off =0.15° If we place an upper limit of
slopes of the fast decay components, the baseline level it0?°cm™3, which is a reported concentration of ODQ in
creases with increasing oxygen doses. The increasing basRef. 8, we obtain the value af~3x 10°cm™ %, which then
line components can be ascribed to the increase of slow dejives a penetration depth 6f3.7 um, much greater than the
cay components with lifetimes longer than the excitation SRBOX thickness. Therefore, if there are only ODIG defects
pulse interval of 18.9 ns. in the BOX, the PL excitation is deep enough to observe the

The dependence of the PL intensities on anneal temperdL from the whole BOX layer. However, there is another
tures is not straightforward, as shown in Fig. 9. While thepossibility that a high concentration of defects other than
behavior differs depending on the oxygen doses, the three PODC(Il) can be also present in the BOX close to the top
bands change their intensities in the same manner, suggeSi¥BOX interface. In this case, only the ODQ’s within the
ing that these PL bands have the same origin. The intensityenetration region of the 5-eV light are observed before the
of the 2—3-eV PL band increases with decreasing annedirst etching step. We should also take into account the pos-
temperature for the case of an oxygen dose of 0.5kibility that the PL intensity might have been affected by
x 10 cm 2 On the other hand, the intensity showed achemical effects caused by the HF etch. In any cases, we can
maximum at 1330°C for the case of an oxygen dose otonclude that the neutral ODIC)’'s exist throughout the
0.41x10*¥cm 2. These results suggest that the concentrawhole thickness of the BOX’s, though the concentration of
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TABLE Il. Summary of the PL bands observed for the SIMOX BOX’s.

Peak energy Decay Electrical
(eV) lifetime Sample Origin Other systems properties
4.4, 2.7 4 ng4.4 eV DI and TI oDC(Il): Oxygen- Photoinactive trapgRef. 19
10 ms(2.7 eV) SIMOX Neutral deficient-type
BOX oxygen a-Sio,, (Ref. 12);

vacancy, or ion-implanted

twofold thermal oxide

coordinated (Ref. 12

Si (Ref. 16
2-3-eV band 2.3-45 ns, All SIMOX Oxidized Si Si*-implanted Photoactive trap$Ref. 19
(three subpeaks: and slow BOX and cluster thermal oxide
3.1, 2.6-2.8, components high-temperature  (Refs. 20—-23 (Refs. 20-23
2.4 eV oxide

defects may be inhomogeneously distributed. These observésr either by asymmetry in the generation of the PL centers
tions are also consistent with the foregoing discussion thabr by the possibility that the prolonged HF treatment can
the 4.4-eV band is due to ODIT), a network defect in the passivate the PL centers in the bottom Si/SiQierface by
BOX’s. hydrogen from the HF solution.

The absence of the 2—3-eV PL centers at the BOX/Si

substrate side is somewhat puzzling, but might be accounted
IV. DISCUSSION

30 (@) T 316V ' A. Excess Si in the SIMOX BOX's

A—26eV The characteristic feature of the SIMOX BOX is the pres-
- B24eV ence of OD@I) and excess Si® Both the 4.4-eV band with
. a lifetime of about 4 ns and the long-lived 2.7-eV band can
be ascribed to the transitions at the site of neutral QDC
= as previously reported for oxygen-deficient-type badlSiO,
(Ref. 11 and damaged thermal oxidRef. 12. On the other
— hand, the short-lived 2—-3-eV band has, to our knowledge,
never been reported for any types of thermal or buried,SiO
. Since the formation of the excess Si is another characteristic
feature of the SIMOX BOX'’s, the most plausible candidate

: for the 2—3-eV PL center is the excess Si in the BOX. As

0.35 0.4 0.45 0.5 0.55 discussed below, the similar PL from thermal oxide im-
planted with Si supports this assignment. The excess Si has
been observed in the SIMOX BOX'’s in various forms from

N
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FIG. 7. The intensity of the PL bands as a function of oxygen
doses obtained fdf) low-dose 0.53x 108 cm™?) and(b) high- TIME (ns)
dose (0.9 10 cm?) regions. The Sl, DI, TI, and FtSuppl. in
(b) denote single, double, triple implant, and triple implant with  FIG. 8. The PL decay curves of the short-lived 2—-3-eV PL
supplemental implant, respectively. The 3.1-eV and 2.6—2.7-eV Plbands obtained for the low-dose SIMOX BOX's, prepared with
bands are short-lived components with lifetimes of about 2—45 nsvarious oxygen doses.
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& 20 . . . , 1 traps was investigated and attributed to the diffusion of a
e g R A reducing species from the Si/Sitterfaces into the BOX®
5 151 ot | These mechanisms may form the small Si clusters pro-
gﬁ \ posed as the defects responsible for the 2—3-eV PL band. As
< already seen for the high-temperature oxide, the formation of
10 O™ 0.51x10" cm 1 the 2—-3-eV PL band in the SIMOX BOX’s is attributed to
g the postimplantation, high-temperature annealing above
wo | 1300 °C. Therefore, it is concluded that the 2—3-eV PL band
Z is associated with the formation of excess Si in the BOX as a
b= result of oxygen gettering and/or oxide reduction during the
oot O 0.41x10"® 2 4 high-temperature annealing above 1300 °C. Since the inten-
Lo : L sity of the 2—-3-eV band observed for the high-temperature
1300 1310 1320 1330 1340 1350 1360 oxide is comparable to those of the low-dose SIMOX as
ANNEAL TEMPERATURE (°C) shown in Figs. 4a) and 4b), the formation of 2—3-eV PL

» centers is not inherent to the SIMOX process, but it is to
FIG. 9.. Intensities of the PL bands o_bserved for low-dose B_OXSi/SiOZ interface under the high-temperature anneal.
as a function of anheal temper.atures. Lines are drawn as a guide to Electrical measurements showed that SIMOX BOX's
the eye.O, 3.1 eV; O, 2.7 eV; A, 2.4 eV for the dose of 0.51 . . . .
%108cm 2. @, 3.1 eV, M. 2.7 eV: A, 2.4 eV for the dose of contain a higher concent_raé_lcg)n of traps when compa_red with
0.41¢ 108 cm 2 The 3.1- and 2.7-eV PL bands are shortliveq conventional ther,mal oxide.” The traps characteristics to
components with lifetimes of about 2—45 ns. the. SIMOX BOX'’s are.reported to be photoactive traps,
which are not observed in conventional thermal oXitiéhe
photoactive defects correlate with Si clusters in the BOX.
crystalline platelets to amorphous Si clustetafrared (IR)  Especially, the traps with large cross sections and large op-
absorption measurements show the presence of excess Sitifal depth are reported to be located near the Si/BOX inter-
the form of SiS}O groups in single-implant SIMOX BOX’s, face. This is consistent with the localization of the short-
but not in triple-implant BOX's. The observation of the in- lived 2—3-eV PL centers in the Si/BOX interfaces, as shown
creased 2—-3-eV PL intensity with decreasing implant stepi Fig. 10. The photoactive traps are dominant in SI BOX,
shown in Figs. 2 and 7 supports the idea that the 2—3-eWhile their density is low in TI BOX. Such a dependence on
band is due to excess Si. the number of implant steps quite resembles those of the
Two studies have proposed alternative mechanisms fo2—3-eV bands. This viewpoint is further strengthened by the
the formation of excess-Si point defects. In both, Sil38)  results that the photoactive traps cannot be effectively re-
structures are annealed at temperatures up to about 1300 foved by supplemental implattas we observed in Fig. 1.
and are subsequently irradiated by xprays. The first is Based on these observations, it is concluded that the 2—3-eV
based on ESR and Fourier-transform IR studies and atL centers are correlated with the photoactive deep traps in
tributes the defect formation to oxygen from the BOX beingthe SIMOX BOX’s.
gettered in the Si’ In the second, the formation of electron

B. Origin and mechanism of the short-lived 2-3-eV PL

3.0 ; . . . 140
. As already noted, the short-lived 2—3-eV PL bands ob-
25 1120 served in the present study are not any of those reported for
1100 defects in as-grown and damagaeSiO,, such as neutral
20T . ODC(Il) and nonbridging oxygen hole centers, in terms of
180 the peak energy and the lifetim&!?°Interestingly, similar

187 PL bands were reported for ‘Simplanted thermal oxide,

Oxide removed-| 60 . . . .
where Si clusters are embedded in a Si@atrix2°~22Under

PL INTENSITY (ARB. UNITS)

10 l - 40 excitation at 5 eV, the Stimplanted thermal oxide exhibits
05 | % Oxide removed three PL bands at 3.4, 2.65, and 2.4 @\A nanosecond
5:,5\ 120 time-resolved study on the Simplanted thermal oxid@
0.0 . @ m—— 9= = ——0 0 showed that the blue-green light emission exhibits multiple
0 5 10 15 20 o5 decay components with Iifetime_s_ of 0.4, 2, and 10 ns, to-
o ) gether with the presence of millisecond or longer lifetime
Etching Time {min.} components. It should be cautioned that the 0.4-ns compo-

FIG. 10. The PL intensity of the 4.4-eV#: high-dose TI nent, if any, would r_10t' be rgsolved in the present measure-
SIMOX, 1.8<10%cm 2 1310°C, t,,=355nm) and the short- ments due to the limited time resolutl_on. Except for the
lived 2-3-eV (C: low-dose SIMOX, 0.4&10cm~2, 1310°c, 0-4-Nns component, the 2—3-eV bands in the BOX's are in
to=110nm, A: 0.53x 10¥cm 2 1350 °C, t,,= 109 nm, and®:  90od accord with those observed in the 8nplanted ther-
high-dose Tksuppl. SIMOX, 1.%x108cm 2 1310°C, t,, ~ Mal oxide in terms of both the peak energies and their life-
=376 nm) bands as a function of etching time during HF etchbacklimes. This supports the foregoing attribution of the 2—-3-eV
The plots at the longest etching times for each curve correspond teand to Si clusters, since the*Simplanted thermal oxide is
the data for bare Si substrates. Lines are drawn as a guide to tfexpected to contain a high concentration of excess Si in the
eye. form of Si clusters.
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As for the mechanisms of the short-lived 2—3-eV PL cal absorption and PL bands. A prevailing view is that the
bands, the electronic energy levels at the site of the Si clusoDC(l) defects associated with the 7.6-eV absorption band
ters surrounded bg-SiO,, wherein interface defects should are relaxedneutral oxygen vacancié8.On the other hand,
be present between the Si and the oxide, should play impokhe structural origin of the OD@) defects characterized by
tant roles. Despite the different conditions employed to formhe 5.0-eV absorption band and 4.4-eV PL band is still con-
the BOX layers, the PL peak energies are almost constanfroversial, while the defects are widely regarded as a form of
This rules out the simple picture of a PL mechanism involv-gyygen deficiency ira-SiO,.!® Since discussion on the as-
ing transitions between the states due to the quantum CoRjgnment of the OD@I) to a specific structure is beyond the
finement effect of nan0_5|zed Si clusters,_ since, _|f it is thes_cope of this paper, we just mention here that there are two
case, the PL peak energies should vary with the size of the 3ingidates for the OD@); one is unrelaxed oxygen va-
clusters depending on thezfreparation conditions. AS SUGsancy, and the other is twofold-coordinated silic8n.
gested by several workef$?* the charge transfer between ~ The Jack of the oDAl) in the single-implanted SIMOX
the Si clusters and oxide defects is the most plausible candgox s is quite interesting, which is in contrast with the ob-
date for the PL mechanism. In fact, the threshold of theggryation of the oDQ@l) in the multiple implant SIMOX

photoionization of Si clusters at 4.3 eV cor_responds wellgox's (see Fig. 7. As already noted, the additional oxygen
with those of the onset of the PLE spectrum in Fig. 6. Veryimplant into the SiQ during the multiple-implant process

recently, photoionization and photoneutralization studies ORgems to be the cause of O generation? Since the
the SIMOX BOX showed the presence of the energy stateg, jtiple-implant process involves an additional implantation
associated with the Si clusters at 2.8 and 3.1 eV below thgtep of oxygen into the BOX's, the damage into the BOX is
conduction band of Si9™* The trapping of electron at the jevitable. Our previous study shows that-Bnplanted SiQ
site of Si clusters was observed under the excitation of gms exhibit the 4.4-eV PL band due to the ODg, which
photon energy above 4.3 eV, which agrees well with the, .5 annealed out at 500 °C either in, W+ O,, or vacuum
onset of the PL excitation shown in Fig. 6. This is also con+,, 10 min2® Therefore. the fact that the ODIC) was not
sistent with the appearance of the photoinduced PL band afynegled out even after the high-temperature anneal around
2.4 eV, as well as the 3.1 and 2.6-2.8-eV PL bands due 19300 °C js ascribed to the confined nature of the BOX sand-
preexisting PL centers in the BOX. They suggest the presy;icheq hetween the two silicon layers. In fact, the 4.4-eV PL
ence of the two defects levels; the 2.8 and 3.1-eV states dyg,nq observed for a SIMOX BOX sample persisted even
to the Si clusters and the H-complexed O vacancies, respegsiar the annealing up to 800 °C for 30 min in,Nvhile it
tively. This is again consistent with the existence of the d'f'disappeared under the same anneal condition without a sur-
ferent PL centers shown by the presence of the mglgple Place Si laye?” As suggested by the presence of strained
decay components. Although .they suggest that visible Plyyide network for the BOX, the annealing of the OD@),
bands reported for Si clusters in Si€hould mv%ve charge \hich should be accompanied by the relaxation of surround-
transfer between the excess Si and oxide defedts cor-  jng oxide network, must be hindered by the confinement ef-
relation of these states with our PL bands is still unknown. fects of the sandwiched structure. In addition, the Si clusters
It is interesting to discuss the dose dependence of thg he BOX are expected to act as gettering sites and inhibit
short-lived 2—3-eV pand for the low-dose SIMOX, which he supply of oxygen to the ODIT)'s, thereby leading to the
shows a plateau in Fig (. In a separate experiment, amor- 4amaged region of the BOX that remained unrecovered. As
phous (&) Si clusters, a form of excess Si, monotonically yescriped in Sec. 111D, if we assume the peak of the 4.4-eV
increase up to about 5% with increasing oxygen dose for thg hrofile of the etchback in Fig. 10 reflects the localization
same series of low-dose SIMOX This suggests the possi- f the ODQII) in the BOX close to the top Si/SiOnterface,
bility that a nonradiative recombination process at the site oo qata of the etchback suggest that the generation of the
the excess Si starts dominating beyond a certain amount %DC(II) is maximum in the proximity of the Si clusters. This

excess Si, while the Si clusters, i.e., the PL centers, monQsyp he ynderstood in terms of the role of the Si clusters in the
tonically increase with oxygen doses. However, this can bggqy a5 gettering sites of oxygen, as discussed above.

ruled out based on the result of Fig. 8, showing that there is o, the other hand. the supplemental oxygen implant ef-
no signi_ficr?mt change in the PL decay Iifetime. Since the PLfectiver reduced the PL of the ODIT) generated in the T
decay lifetimer can be expressed as the inverse of kie g, 0x BOX, while more Si clusters were induced after the
+kpy (K, is the radiative decay rate aig, the nonradiative g nplemental implant, as shown in Fig. 1. The lower postim-
decay ratg the increasing oxygen doses give no influence oy antation anneal temperature of 1000 °C as well as an order
K ;rh'sle‘?ads us to conclude that the dose of 0.4%¢ magnitude lower dose of supplemental oxygen seems to
X 10'°cm?is an oxygen dose at which the Si clusters assopsg effective in the reduction of the ODID) in the BOX. The
ciated with the short-lived PL are efficiently formed. The generation and the suppression of the @DCshould be
increased baseline components in F|g._ 8 due to much slowefatermined by the ion-implantation damage and the supply
decay components rather correlate with oxygen doses. Thg oxygen by the supplemental implantation, respectively.
slow decay component such as the one at 2.4 eV may bgne |ower oxygen dose of the supplemental implant can re-
ascribed to the monotonic increase ®Si clusters men-  §ce the damage into the BOX layer, leading to a lower
tioned above. concentration of the newly induced ODIQ'’s, while the lo-

cal oxygen concentration in the BOX after the supplemental
implant is expected to be still high enough to react with the

There are two types of oxygen-deficient cent@®C’s).  ODC(Il) in concentrations as high as?@m 3.8 Even if we

ODC(l) and ODQlIl), which are characterized by their opti- take into account the role of Si clusters as gettering sites of

C. Generation mechanism of the ODClI )
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oxygen, the relatively lower concentration of the Si clusters (2)Supplemental implant of oxygen suppressed the 4.4-eV
in the Tl SIMOX [see the 2—3-eV band intensities of Fig. band due to OD(I) and induced two PL bands due to Si
7(b)] seems to have no significant influence on the reactiomlusters in the triple-implant SIMOX BOX.

of oxygen with ODGII). On the other hand, the increased (3) The short-lived 2—3-eV bands were also observed for
concentration of the Si clusters after the supplemental imthe high-temperature oxide grown at 1350 °C, suggesting
plant process was determined both by the temperaturthat the 2—3-eV PL centers grow during the postimplantation
1000 °C and the oxygen dose!16m 3, as we have already annealing process. The PL band correlates with the excess Si
seen in Fig. 9. Therefore, optimization of both the oxygenas a result of the postimplantation, high-temperature anneal.
dose and the postimplantation anneal temperature is impoBuring the anneal, the chemical reduction of the oxide is
tant to suppress the generation of OCin the BOX pre-  caused by oxygen diffusing out of the BOX into the Si or by

pared by the multiple-implant process. a reducing species diffusing into the BOX from the Si/giO
interfaces.
V. SUMMARY (4) The short-lived 2—-3-eV PL centers were localized at

) , the surface Si/BOX interface, while the 4.4-eV PL centers
We studied the PL from the SIMOX BOX’s prepared un- yere located throughout the whole BOX layers.

der different conditions such as oxygen dose, implant steps,
and annealing temperatures. The following conclusions were
drawn from the present study.
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