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Interstitial oxygen in silicon under hydrostatic pressure
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Lawrence Berkeley National Laboratory and University of California, Berkeley, California 94720

~Received 13 May 1997!

Using infrared spectroscopy, we have measured the vibrational spectrum of interstitial oxygen in silicon
under hydrostatic pressures as high as 70 kbar at temperatures from 4 to 20 K. The application of pressure
transforms the transverse motion of the oxygen from that of a harmonic oscillator to that of a rotor. As the
motion becomes more rotational, the splitting between thel 50 andl 561 low-frequency modes decreases. In
addition, the splitting between the stretch modes at 1136 and 1128 cm21 decreases with increasing pressure and
can no longer be resolved for pressures greater than 55 kbar.@S0163-1829~97!06140-7#
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Oxygen is an omnipresent, technologically important i
purity in Czochralski-grown Si.1 The theories of the
diffusion2,3 and vibrational motion4 of oxygen in Si are cur-
rently active areas of research. In as-grown Si crystals, o
gen exists primarily as an interstitial defect, denoted Oi .5,6 In
this form, the oxygen binds with two Si atoms, residing in
off-center position in the@111# plane equidistant from the S
atoms. Using local vibrational mode spectroscopy,7,8 Hros-
towski and Kaiser9 measured the now-famous 1136 cm21 ab-
sorption peak of the16Oi stretch mode at liquid-helium tem
peratures. Pajot1 measured the stretch-mode frequencies
the isotopes17Oi and 18Oi at 1107 and 1084 cm21, respec-
tively. These values are in good agreement with a sim
harmonic-oscillator model in which the vibrational fre
quency is inversely proportional to the square root of
oxygen mass. The stretch mode is an oscillation of thei
atom along the@111# direction, out of phase with the two
nearest Si atoms. In theX-Y-X model of nonlinear
molecules,10 the stretch mode is denotedn3 , while the off-
axis modes are denotedn1 andn2 . Different isotopic com-
binations of Si atoms lead to a well-explained splitting o
few cm21, lending further support to the Si-O-Si model.11

In addition to the stretch mode, Oi has low-frequency
modes in the@111# plane perpendicular to the Si•••Si broken
bond. Bosomworthet al.12 measured a low-frequency vibra
tion at 29 cm21 at a temperature of 2 K. As the temperatu
is raised, the excited low-frequency states become therm
populated, resulting in a splitting of the stretch-mode pe
The Oi state is denoteduk,l ,N&, wherek is the radial quan-
tum number,l is the angular momentum about the@111#
axis, andN is the longitudinal-~stretch! quantum number. At
atmospheric pressure and a temperature of 20 K,
u0,0,0&→u0,0,1& and u0,61,0&→u0,61,1& transitions yield
the well-known absorption peaks at 1136 and 1128 cm21,
respectively. We have measured the dependence of t
stretch-mode peaks on hydrostatic pressure.

We used a modified Merill-Bassett diamond-anvil cell13,14

with type-II A diamonds to generate pressures up to 70 kb
The Si samples were cut into disks 300mm in diameter and
polished to a thickness of 50mm. Nitrogen was used as
pressure medium and was loaded into the cell, along with
sample, using the liquid-immersion technique.15 To deter-
mine the pressure at liquid-helium temperatures, we m
sured the infrared-absorption peak of then3 vibrational mode
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of CO2 impurities in the N2 matrix. The n3 mode varies
linearly with pressure16 and provides a precisein situ cali-
bration of the pressure.

Mid-infrared absorption spectra were obtained with
Digilab FTS-80E vacuum Fourier-transform spectrome
with a KBr beam splitter and a spectral range
450– 3400 cm21. The Si:O samples were kept at temper
tures ranging from 4 to 20 K in a Janis liquid-helium cryos
with KBr windows. The instrumental resolution was varie
from 0.5 to 1 cm21, such that all the peaks were fully re
solved. A light-concentrating cone focused the light throu
the diamonds, the sample, and into a Ge:Cu photocondu
mounted directly behind the sample. The Si:O samples w
Czochralski-grown with an oxygen concentration of
31017 cm23.

In our experiment, we measured theu0,0,0&→u0,0,1& and
u0,61,0&→u0,61,1& transitions, denoted I and II, respe
tively, as a function of hydrostatic pressure at a tempera
of 9 K ~Fig. 1!. As the pressure increases from atmosphe
pressure, the area of peak II increases at the expense of
I. This behavior can be explained by a pressure-depen

FIG. 1. Pressure dependence of stretch-mode absorption p
in Si:O at a temperature of 9 K. Peaks I and II correspond to
u0,0,0&→u0,0,1& and u0,61,0&→u0,61,1& transitions, respectively.
9520 © 1997 The American Physical Society
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56 9521INTERSTITIAL OXYGEN IN SILICON UNDER . . .
decrease in the energy difference between theu0,0,0& and
u0,61,0& ground states. As the ground-state splitting d
creases, the higher-energyu0,61,0& state becomes thermall
more populated, leading to an increase in the area of pea
To experimentally determine the ground-state splitting,
measured the areas of peaks I and II as a function of t
perature for some of the pressures~Fig. 2!. The ratio of the
areas is graphed in an Arrhenius plot to obtain an activa
energy, with an uncertainty of62 cm21 estimated by vary-
ing the slope of the linear fit. This activation energy is due
the ground-state splitting and is plotted as a function of pr
sure in Fig. 3. It is clear that the ground-state splitting d
creases as the pressure increases.

In addition to reducing the splitting of the ground sta
the application of pressure also decreases the frequency
ference between the I and II absorption peaks. The frequ

FIG. 2. Temperature dependence of stretch-mode absorp
peaks in Si:O at a pressure of 27 kbar. Peaks I and II correspon
the u0,0,0&→u0,0,1& and u0,61,0&→u0,61,1& transitions, respec-
tively.

FIG. 3. Pressure dependence of the split between theu0,0,0& and
u0,61,0& ground states. The solid line is a plot of the theory@Eqs.
~2!–~7!# and the dashed line is the splitting for a free rotor@Eq. ~8!#.
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cies of the peaks are plotted as a function of pressure in
4. Beyond 55 kbar, the splitting can no longer be resolved
the two peaks effectively merge. These observations can
explained by considering that as pressure is applied, th
atoms exert a force on the Oi atom, causing it to buckle
outward. As the radial distance of the Oi atom increases, the
potential in the@111# plane transforms from a perturbed ha
monic oscillator to a rotor. This model is discussed in t
following paragraphs.

To quantitatively explain the low-frequency mode
Yamada-Kaneta, Kaneta, and Ogawa17 described the Oi po-
tential in the@111# plane as a quartic polynomial:

V~r !5 1
8 mv0

2~r 4/r 0
222r 2!, ~1!

wherer is the perpendicular distance from the Si•••Si broken
bond,r 0 is the equilibrium distance, andv0 is the classical
vibrational frequency atr 0 . With an appropriate choice o
parameters, Eq.~1! approximates a parabolic potential with
central perturbation. By adjusting the parameters to fit
experimental data, Yamada-Kaneta, Kaneta, and Ogaw17

derived a value ofr 050.25 Å for the ground state, in agree
ment with Bosomworthet al.12

To calculate the wave functions in the@111# plane, we
numerically solve Schro¨dinger’s equation. Assuming cylin
drical symmetry, the radial part of Schro¨dinger’s equation is
given by

2
\2

2m F1

r

]

]r S r
]

]r D1
1

r 2

]2

]u2Gck,l~r !1V~r !ck,l~r !

5Eck,l~r !, ~2!

wherem is the mass of16O, V(r ) is given in Eq.~1!, l is the
angular momentum about the@111# axis, andk is the radial
quantum number. As the potential only depends onr , the
wave function can be expressed as the product of a radial
an angular function,

ck,l~r !5ul~r !eil u. ~3!

Sincek50 in the states of interest, we have dropped thek
subscript. Substituting Eq.~3! into Eq. ~2! yields

on
to

FIG. 4. Plot of the stretch-mode frequencies in Si:O as a fu
tion of pressure at a temperature of 9 K. The solid lines are plot
the theory@Eqs.~9!–~13!#.



m

a
t

,

da

r 0
t

ca
i
e

re

ap
su
we

l
. I

ric

he
s I
nd

tch-

r
n

lit-

e in
om-
r de-

es-
the

the

9522 56M. D. McCLUSKEY AND E. E. HALLER
2
\2

2m F1

r

d

dr S r
d

dr D1
l 2

r 2Gul~r !1V~r !ul~r !5Eul~r !.

~4!

We numerically integrate Eq.~4! from r 50 – 3 Å with a step
size of 631024 Å and an initial energy eigenvalue ofE
510 cm21. The eigenvalueE is varied until the wave func-
tion converges to zero atr 53 Å. For the l 50 state, the
initial conditions are given byu051 anddu0 /dr50. For the
l 561 states, the initial conditions areu6150 and
du61 /dr51.

The equilibrium radial distance is given by

r 0
25dSi-O

2 2zSi
2 , ~5!

wherezSi is the perpendicular distance of the Si atoms fro
the @111# plane of the Oi , given by

zSi~P!5zSi~0!2aP, ~6!

anddSi-O is the Si-O bond length~1.6 Å!, assumed to have
pressure dependence that is negligible compared to tha
zSi . Following the results of Ref. 17,zSi(0) is chosen to
yield a value ofr 050.25 Å at zero pressure. For simplicity
the value ofv0 in Eq. ~1! is assumed to vary linearly with
r 0 :

v0544 cm211b~r 020.25 Å!. ~7!

The parameters that give the best fit to the experimental
are listed in Table I.

The calculated wave functions are shown in Fig. 5 fo
and 60 kbar. As the pressure increases, the height of
central perturbation increases and thel 50 andl 561 radial
wave functions become more similar. The theoreti
ground-state splitting is plotted as a function of pressure
Fig. 3 and shows reasonable agreement with the experim
tal data. As the central perturbation grows, the Oi transverse
motion becomes less vibrational and more rotational. A f
rotor has an energy splitting given by

DEROT[E~ l 51!2E~ l 50!5
\2

2mr0
2 . ~8!

As shown in Fig. 3, the theoretical ground-state splitting
proaches that of a rotor as pressure increases. For pres
greater than 30 kbar, the experimental splittings are lo
than the theoretical values, perhaps due to neighboring
atoms hindering the rotational motion as the Oi buckles out-
ward. In the following paragraphs, we use the same mode
explain the pressure dependence of the peak frequencies

TABLE I. Parameters used in the theoretical model@Eqs. ~6!–
~13!#.

Parameter Value

a 1.0231023 Å/kbar
b 300 cm21/Å
a8 218 cm21/Å 2

b8 133 cm21/Å 4

vs0 1150.6 cm21

g 0.23 cm21/kbar
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interesting to note that in Ge, Oi is significantly displaced
off-axis and acts as a hindered rotor at atmosphe
pressure.18,19In Si we have used hydrostatic pressure toforce
Oi into an off-axis configuration.

This transition to rotational motion can also explain t
merging of the stretch mode peaks. The splitting of peak
and II is due to nonlinear coupling between the stretch- a
low-frequency transverse modes. The lowest-order stre
transverse coupling term is given by

H85z2~ar 21br 4!, ~9!

wherez is the coordinate along the@111# axis. To first order,
this term perturbs theN50→N51 stretch mode transition
by an amount

dv l5~^N51uz2uN51&2^N50uz2uN50&!^ l uar 21br 4u l &

[2a8^r 2& l1b8^r 4& l . ~10!

The stretch mode is perturbed by different amounts fol
50 and l 561, resulting in an energy difference betwee
peaks I and II. As the pressure is increased and thel 50 and
l 561 radial wave functions become more similar, this sp
ting approaches zero.

The final pressure-dependent effect is a slight increas
the stretch-mode frequency as the Si-O bonds are c
pressed. Because the effect is small, we assume a linea
pendence on pressure:

vs5vs01gP, ~11!

wherevs is the stretch-mode frequency in cm21. Combining
Eqs.~10! and ~11! yields

v I5vs01gP2a8^r 2& l 501b8^r 4& l 50 , ~12!

v II5vs01gP2a8^r 2& l 5611b8^r 4& l 561 , ~13!

FIG. 5. Theoretical potentialsV(r ) and radial wave functions
u(r ) of Oi for hydrostatic pressures of 0 and 60 kbar. As the pr
sure increases, the central bump of the potential grows, pushing
Oi radially outward and making thel 50 andl 51 wave functions
more similar. This model accounts for the observed decrease in
splitting of the ground-state and stretch-mode peaks.
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wherev I and v II are the frequencies of peaks I and II, r
spectively. The parameters that yield the best fit to the
perimental data are listed in Table I. The theoretical expr
sions @Eqs. ~12! and ~13!# are plotted in Fig. 4 and show
good agreement with the data. As the Oi motion becomes
more rotational, the splitting of the peaks decreases un
cannot be resolved for pressures greater than 55 kbar. Th
analogous to the case in Ge, where the Oi motion is primarily
rotational and the splitting between the I and II peaks
extremely small (0.07 cm21).19

In conclusion, we have used hydrostatic pressure to pr
the vibrational spectrum of Si:Oi . As the pressure increase
the Oi buckles outward and the nature of its transverse m
tion changes from vibrational to rotational. This transform
tion from a perturbed harmonic oscillator to a rotor has t
i,
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consequences. First, the energy difference between thel 50
and l 561 states is reduced as the radial wave functio
become more similar. Second, the splitting between
u0,0,0&→u0,0,1& and u0,61,0&→u0,61,1& transitions ap-
proaches zero. In effect, we have used hydrostatic pressu
simulate the situation in Ge, in which the Oi atom resides in
an off-axis location and behaves like a hindered rotor. In
future, hydrostatic pressure may be used to tune the vi
tional and rotational modes of impurities and native defe
in other semiconductors.
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