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Far-infrared absorption by interstitial oxygen impurities in silicon crystals
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To verify our model for the local-mode-coupled low-energy excitation of the oxygen in sildoMamada-
Kaneta, C. Kaneta, and T. Ogawa, Phys. RevAZ3 9650 (1990], we have performed high-resolution far-
infrared absorption measurements for the oxygen lines at 29.3, 37.7, 43.3, and 48.6Tbm assignment of
these lines to the optical transitions previously made with our model has been supported by the measured
temperature dependences of the line intensities. Our model that had explained the line energies has further
described successfully the temperature dependence of the line-intensity ratio. This line-intensity ratio is shown
to be a manifestation of the quartic anharmonidioff-center naturg of the potential for the low-energy
excitation.[S0163-182308)08535-X]

[. INTRODUCTION In this work, we measure temperature dependences of the
line intensities in the 30-cit band. From this we first con-

The (111) bond-interstitial oxygen in silicon, the Si-O-Si firm the previous line assignments, and next derive the ex-
center, causes the far-infrar@@lR) absorption lines at 29.3, perimental values for the oscillator streng@®S) of the tran-
37.7, 43.3, and 48.6 cm.’® We refer to these as the sition for each absorption line. Using our eigenfunctions of
30-cni’! band. It also causes the band in the 1100-tm the 2D LEAE, we calculate the OS of each transition to
region comprising the lines at 1 136.4, 1 128.2 and 1 121.gompare it with the experimental value. We give a physical
cm 17 and the band in the 1200-cthregion having the interpretation to the obtained OS ratio, referring to the case
lines at 1205.%°8%and 1216.4 cm'3®° The 30-cm?  of the 2D harmonic oscillatofHO).
band is caused by the two-dimensiof2D) low-energy an-

harmonic excitationNLEAE) of the oxygen moving in the Il. FAR-INFRARED MEASUREMENT
(111) plane®!® The 1100-cm? band is due to thé,, local _ _ ,
mode in which the oxygen vibrates along tH@1l) As seen in the next section, the peak height of the

direction® The anharmonic coupling between the 2D LEAE _29.3-cm‘1 line strongly depends on the temperature. Accord-
and theA,, local mode causes the 1200-chband as the ingly, to accurately measure the temperature dependence of
combination band® this line, we need to adopt the sample of appropriate oxygen
By adjusting the parametéfsin our model for the concentration[(O;]) and §ample thickpess erending on the
A,,-mode-coupled 2D LEAE, we successfully obtained thetemperature. We used six samples listed in Table | to cover
energy levels and the line assignméRig. 4a) in Ref. 10 the range _7—_67 K They were all grown by the conventional
that explained the above-mentioned line energies and th@® Magnetic-field-imposed Czochralski method. The measur-
temperature dependence of the line intendiffed of the N9 temperatures for each sample are also given in Table I.
1100- and 1200-cht bands. The similar energy-level For measurement of the temperature dependences of the lines
scheme and the line assignméFig. 9 in Ref. 2 had already &t 37.7, 43.3, and 48.6 cm use of only one sample,
been suggested by Bosomworsh al. However, there has MCZz40, was sufficient to cover the temperatures up to 67 K.
been no experimental check on whether the assignment of _ _
the 37.7-, 43.3- and 48.6-cth lines in this energy level TABLE I. The thickness and the relatij®,] of the samples

scheméis consistent with the temperature dependences oLfsed fof the present FIR measurements. [0g of the MCZz40
the intensities of these lines. sample is 34.3 ppr(Sec. ). The last column shows the measuring

Furthermore, we have to demonstrate that Ourtemperaturesforthe 29.3-crhline. The substitutional carbon con-

. . . . trati I than 0.1 fi I les. Th Il
eigenfunction$'®belonging to the adjusted parameter valueslcyepner\?vi't%nzpvgiirﬁec ?::istisir:i os 8‘1"13 Con:a samples. They wege a
(Table Il in Ref. 3 or Table Il in Ref. 10(Ref. 11 can '

describe the line intensities as well as the line energies. F%amme Sample [O] Measuring

the intens_i}y_ raio of the 1205.7-cth line to the name thickness(mm)  (Relative valug temperature$k)
1136.4-cm - line, our calculated value 0.043 was in good

agreement with the measured value 0.838owever, the MCZ3 7.70 0.117 7,12
most fundamental check of the model using the 30tm MCZz7 10.00 0.223 15, 19
band remains to be done. There have been no available eCzZ15 7.70 0.534 22, 27
perimental data on the line-intensity ratio for this band. Theg4-1 10.10 0.787 32
resolution of 0.2 cm® adopted by Bosomwortlet al? for  T1 9.90 0.989 37

the first observation to our knowledge, of the 30-¢rband  MCz40 20.00 1 32, 37, 42, 47,
was insufficient to accurately measure the line intensities at 52, 57, 62, 67

low temperatures.
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0.8 ‘ ' FIG. 2. Observed temperature dependence of the FWHM of the
296 294 29.2 29 288 29.3-, 37.7-, 43.3-, and 48.6-cthlines. The top and bottom ends
WAVE NUMBER (cm'™") of the error bars correspond to the values obtained by the curve

fitting methods(1) and (2), respectively. For the plots without the
error bar, the difference in value between the two methods is com-
parable to or smaller than the size of the plotting marks.

FIG. 1. The 29.3-cm' line of the MCZ3 sample measured at 7
K with a resolution of 0.01 cmt (thin solid ling. The figure also
shows the Lorentz curvghick dotted ling and its base linédashed

line) fitted to the spectrum in the range 28.8—29.6 énThe values ) L _ .
of the line wave number and the FWHM are also shown. maximum(FWHM) of this line was 0.09 cm" at 7 K, which

is much narrower than the resolution-limited width 0.2°¢m
reported by Bosomwortht al> The FWHM and normalized
d_peak area of the 29.3-cthline are plotted in Figs. 2 and 3,
respectively, as the functions of the temperature. Here, the
normalized peak area means the peak area per sample thick-
ness of 10 mm anf@lO;] of 34.3 ppm, i.e., th¢ O;] of the
MCZ 40 sample. From Fig. 2, we see that our measuring

For samples with relatively highQ;], e.g., 84-1, T1, and
MCZz40, the conventional room-temperature infrare
absorption method using the 1106-ctrline fails to deter-
mine the[O;], because of over range of this absorption.
Thus, we employed the 1205.7-chline of oxygen. Table |
shows the ratio of th¢O,] of each sample to that of the
MCZz40 sample determined by the peak height of this line
measured at 7K and the sample thickness. Using the 12 ' ' ' '
1106-cm! line and the conversion constant given in the ® 293
American Standard for Testing and Materials F121-79, we o 377 |
determined thd O,] of the 2-mm-thick specimens cut out
from the MCZ40 sample. Averaging theg®,] values, we
found the[ O,] of the MCZ40 sample to be 34.3 ppm.

The FIR absorption spectra were obtained withbR&KER
IFS-120HR Fourier transform spectrophotometer. Measure-
ments for the 29.3-cAt line were performed with the reso-
lutions 0.01, 0.03, and 0.06 crh for temperature ranges
7-22,27-42, and 47-67 K, respectively. Measurements for
the lines at 37.7, 43.3, and 48.6 chwere performed with
the resolutions 0.03 and 0.06 cinfor temperature ranges
12-42 and 47-67 K, respectively. The detector was a silicon
bolometer. The sample was cooled in a heat-conduction-type
cryostat equipped with polyethylene windows. The sample
temperature was measured with an accuracy better than 1 K, 0.0
by a thermocouple attached to the sample holder.
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IIl. RESULT OF MEASUREMENT FIG. 3. Temperature dependence of the normalized peak area of
] I the 29.3-, 37.7-, 43.3-, and 48.6-Chlines in the absorbance spec-
Figure 1 shows the 29.3-cih line in the absorbanc®  trum. The error bars have the same meaning as in Fig. 2. The

spectrum of the MCZ3 sample measured at 7 K. We see thaeaning of the plots without the error bar is also the same. The
the shape of this line is Lorentzian. This was the case for alfigure also shows the curves of H8) drawn with the experimental
measuring temperatures in this study. The full width at halfvalues of the OSTable II).
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13 ; , ‘ nicely fitted by the Lorentz curves. The FWHM and peak
MCZ40 (20 mm, 34.3 ppm) 29.27 area of these lines were determined by averaging the values
12 F 37k ] obtained by these two methods. Temperature dependences of
l the FWHM and normalized peak area of these lines are
shown in Figs. 2 and 3, respectively. Although the
37.7 43.3-cm?! line was observable at 17 and 22 K, it was too
weak for accurate curve fitting. This is why the plots for this
line are absent for 17 and 22 K in Figs. 2 and 3. From Fig. 2
we see that our measuring resolutions for these li8es. 1))
were sufficient for accurate measurement.
From Fig. 3, we see that the 43.3-Chrline is frozen out
at nearly 15 K.(At 12 K this line could no longer be ob-
served) However, the 37.7- and 48.6-¢thlines both remain
until nearly 8 K. This supports the previous line
6 pon 20 0 0 assignments'® where the 37.7- and 48.6-cth lines were
WAVE NUMBER (em™) both ascribed to the transitions from the first excited state
and the 43.3-cmt! line was to the transition from the second
FIG. 4. The 30-cm® band of the MCZ40 sample measured at excited state. These assignments are summarized in Table II.
37 K with a resolution of 0.03 cit. The figure also shows an
example of the curve fitting methdd), where three Lorentz curves
(solid curve$ and their common base lindashed lingwere fitted

to the spectrum in the range 33-57 ctinThe total fitting curve The eigenstate of thé\,,-mode-coupled 2D LEAE is
(thick solid curve is also shown. The true base line gueshatted specified by the phonon numbirof the A,,, local mode, the

curve is slightly protuberant, which was mainly due to insuffi- (111-axial angular momentunh, and the radial quantum
ciency of stability of the detector, and was inevitable for our high_number k of the 2D LEAE, i.e., |kIN), where N, k

resolutl_on measurements of long-time data acquisitions. The values 01.2... andl=0+1+2, .. 310 The corresponding
of the line wave numbers are also shown.

eigenfunction is written &s°

g

/L

ABSORBANCE

IV. OSCILLATOR STRENGTH

resolutions for this lindSec. 1) were sufficient to accurately e

determine its shape and intensity. Figures 2 and 3 indicate Wy = £ (r) e IN) 1)

that the peak height of the 29.3-chline exhibited very KNSRI o T

strong temperature dependence: The peak height was re-

duced to nearly; when the temperature was raised from 7 to(r, ¢) is the position of the oxygen in th@d11) plane. The

47 K. radial parté n(r) is obtained numerically as a linear com-
Figure 4 is the overall spectrum of the MCZ40 samplebination of the radial eigenfunctions of a 2D H®The elec-

measured at 37 K. We could not exactly determine the bastic dipole interactiof” for the optical transition is written as

line for the lines at 37.7, 43.3, and 48.6 cthbecause of

their overlap for a wide range and the protuberance of the e*r(E,cos ¢+Esin ¢), %)

base lingdotted curve in Fig. # We thus tried the following

two manners of curve fittingtl) As shown in Fig. 4, three when the external electric fielf is in the(111) plane. For

Lorentz curves and a linear base line common to them are=1,2,3..., two statesk,n,N and |k,—n,N) degenerate

simultaneously fitted to the spectrum in the range 33-5®ach other, which we express togetherflas=n,N). In the

cm L (2) The fitting range in methodl) is divided into the transition by Eq(2), thel changes by-1. Therefore, Eq(2)

two ranges 33-41 cnt and 41-57 cm?, and the similar causes a pair of transitions between the two energy levels of

curve fittings are performed independently for these twahe stategk,+n,0) and |k’,+(n+1),0), for example,|Kk,

ranges. For both method4) and (2), the three peaks were +n,0)—|k’,+(n+1),0) and |k,—n,0)—|k’,—(n+1),0.

TABLE Il. Comparison of the experimental and the theoretical values for the relative OS. The relative OS
means the ratio of the OS of each transition to that of the trangii@n0)—|0,=1,0). The two curve-fitting
methodg1) and(2) resulted in the different experimental values for the OS. Their mean value and deviations
from it are shown in the third column. The last column shows the relative OS of the corresponding transition
in the 2D HO, in which the statd®,=2,0) and|1,0,0 degenerate each other.

Relative OS
Absorption
line (cm™Y) Assigned transitioh Experimental Theoretical 2D HO
29.3 [0,0,0—]0,£1,0) 1 1 1
37.7 [0,£1,00—]0,£2,0) 1.60+0.10 1.60 2
48.6 [0,£1,0— [1,0,0 0.61+0.03 0.60 1
43.3 |0,£2,00—|0,%£3,0) 2.88+1.30 2.08 3

8References 2 and 10.
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TABLE IIl. The moment of inertia of the probability density distributig§idr r3 &, o(r)|? calculated for
each eigenstate of the present 2D LEAE and the 2D HO. The values shown are the ratio of the calculated
value for each state to that for the ground s{ate,0.

Moment of inertia of the probability density distribution

Eigenstate

k,1,0) 2D LEAE 2D HO
|0,0,0 1 1
|0,£1,0 1.59 2
11,0,0 1.80 3
|0,=2,0) 2.08 3

Every absorption line in the 30-cm band is caused by this example, the ratio of the OS of this transition to that of
type of the paired transitiond@able 1I). |0,+£1,00—|0,£2,0) is 1/1.6, which is larger than the corre-
From Egs.(1) and (2), the area of the absorption line by sponding ratio 1/2 in the 2D HO. This is a manifestation of
the transition betweefk,+n,0) and|k’,=(n+1),0) is ex- an important aspect of the present 2D LEAE: the off-center
pressed as nature(quartic anharmonicity(Ref. 10 of the potential for
the 2D LEAE. The off-center nature widens the bottom of
C(Pkno~ Pk/n+1,0(Exrn+ 1,0~ Ekno) the potential to give large spread to the ground-state wave
" 2 function. To quantify the spread of the wave function, we
f dr ngk,nH o) én o(r)) , 3 adopt the moment of inertia of the probability density distri-
0 ’ ’ bution, [dr r3|&o(r)|% Table Il lists the relative values
wherec is a constpyn is the Boltzmann occupation prob- of this quantity calculated4for each eigenstate of the present
ability for the statgk,n,0), andEy is its eigenenergy. By 2D LEAE and the 2D HG? For the present 2D LEAE, the

the factorl (“dr r2&., ; 2in Eq. (3), we de- spread of the ground.state i_s so large that the ratio of this
fine the r([)fso o; trhe§ ktp;riéoi(tigrfk%gtrv?/]eélla +r?0(> )ar\:\(lj Ik’ spread to that of the first excited state takes a large value of

; : ; . 1/1.59. This is in contrast to the small value 1/2 for the
i(n+1),0}.|The| 3|genenerg|es c?n b? ob(';ame?] by applyin orresponding ratio in the 2D HO. Consequently, for the
our energy-level diagraniFig. 3 of Ref. 10 to the previ- o : ’
ously fixed parameter value€Table Il in Ref. 3. The present 2D LEAE, the transition from the ground state has a

eigenenergies of several low lying states have been shown i latively large OS.

: L . To summarize, high-resolution FIR absorption measure-
Fig. 2 of Ref. 13. Substituting these valuesky, o into Eq. ' . .
(3), and regarding the OS as the adjustable parameter, Wrgents have been carried out for the lines at 29.3, 37.7, 43.3,

_1 . . .
fitted Eq.(3) to the plots in Fig. 3. The result is shown in the and 48.6 cm™ of the Si-O-Si center. An experimental con-

figure by the solid curves. The relative values for the ad_f|rmat|on has been given to the previous assgnﬁw’é’nbf

justed OS are given in Table Il as the experimental valuest.hese lines to the optical transitions. This further confirms the

. . . . ) énergy-level schemé?itself in which these transitions were
By using the eigenfunctiondl) bglongmg to the prevllously defined. The oscillator strength ratio of the optical transitions
fixed parameter valuedable Il in Ref. 3, we numerically

calculated the OS. The relative values for the calculated Ogerlved from the measurement has well agreed with that cal-

are given in Table Il as the theoretical values. They are inCUIated with our mode? that explained the line energies

excellent agreement with the experimental values confirmpreViOUS|y' It has been shown that this oscillator strength

ing validity of our modef® of the A,,-mode-coupled 2D ratio Is a man]!fehstanon of me qﬁarltlc anharmonioof-
LEAE. center naturgof the potential for the low-energy excitation.

Table Il also compares the OS ratio of the present 2D
LEAE, 1:1.6:0.6:2.08, with that of the 2D HO, 1:2:1:3. For
the present 2D LEAE, the OS of the transition from the The author is indebted to Dr. Y. Furumura and T. Yabu of
ground staté0,0,0)—|0,=1,0) is not so small, as compared Fujitsu Ltd. for their constant encouragement for basic re-
with those of the transitions from the excited states. Forsearch.
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