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2-MeV electron irradiation of Si at elevated temperature creates a dominant deep level at the en-

ergy E, —0.36 eV in addition to the oxygen vacancies. This level, which is less significant in room-

temperature-irradiated Si, is found to be an eScient recombination center in the present situation.

The optical cross section of this level measured by deep-level optical spectroscopy reveals a fine

structure superimposed on the main transition. This fine structure is considered to be related to a

new resonant phonon mode coupled with the above defect. The isochronal annealing behavior

shows that this defect might be a kind of vacancy-oxygen complex. With the assumption of a V2-02

complex structure, a calculation based on the Green s-function method of lattice dynamics indicates

the existence of a defect-induced resonant phonon mode with energy of 10 meV, which is in good

agreement with the experimental observation.

I. INTRODUCTION

The effect of electron irradiation on silicon is an in-
teresting topic in semiconductor physics because of its
close relation with semiconductor-device technology.
Defects in Si produced by high-energy electron irradia-
tion have been used effectively as lifetime limiters in the
fabrication of high-voltage rectifiers and thyristors, in-
stead of gold diffusion, which would introduce some un-
desired thermal effects. Usually, the defects studied in
previous works were produced by room-temperature elec-
tron irradiation. ' Recently, electron irradiation under
elevated temperature has been employed in semiconduc-
tor technology. The thermal stability of devices treated
by high-temperature irradiation has proved to be better
than those irradiated at room temperature. However, de-
tailed studies on the physical properties of defects in
high-temperature electron-irradiated Si have not been
presented yet.

In this work, we report an investigation of electrical
and optical properties of defects in Si introduced by
high-temperature electron irradiation by using deep-level
transient spectroscopy (DLTS) and deep-level optical
spectroscopy (DLOS). A new resonant phonon mode
coupled with the defect has been identified and the
structural configuration of the defect is suggested.

technique. The DLOS method was used to measure the
spectral distribution of the optical cross section of the
deep level at temperatures of 60 and 80 K. In order to
reduce the inAuence on the DLOS signals of electron cap-
ture and emission by the oxygen vacancies, the samples
were subjected to thermal annealing at 350'C for 175 min
prior to the optical measurements.

III. RESULTS

A. Electrical properties

Figure 1 shows the DLTS of samples irradiated at 20
and 330'C. The peaks Ez and E4 in the room-
ternperature-irradiated sample have been assigned as di-
vacancies, which are shown to be absent in the high-
temperature-irradiated sample. Also shown in the latter

II. EXPERIMENT

The samples (p+ n n+ diodes) we-re-fabricated from
an argon float-zoned n-type Si single crystal with a resis-
tivity of 70 Qcm. The electron irradiation was per-
formed with a 2-MeV electron beam at a dose of 1 X 10'
electrons/cm within the temperature range of
240 —360'C. As a comparison, another set of samples ir-
radiated at room temperature was also investigated.

An EGRG 5206 lock-in amplifier was used as the rate
window in the DLTS measurement. The lifetime of the
minority carriers was determined by the reverse-recovery
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FIG. 1. DLTS of electron-irradiated samples. Solid curve,
high-temperature (330'C) irradiation; dashed curve, room-

temperature (20'C) irradiation. Lock-in frequency: 100 Hz.
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case are the slight reduction of the concentration of E„
which is believed to be related to the oxygen vacancy,
and an unknown level E3 which is now the major peak in
the spectrum. The energy level and electron thermal-
capture cross section of E3 are determined as
E, —E3=0.36 eV and o.„=1.0X10 ' cm, respectively,
where E, is the conduction-band edge. The concentra-
tion of E3 in the room-temperature-irradiated sample is
so small, i.e., about one order of magnitude less than that
of E„ that little attention has been paid to this level in
previous studies.

The introduction rates of levels E&, Ez, and E3 defined
as the ratios of concentration NT to irradiation dose 4
are found to vary with the irradiation temperature as
shown in Fig. 2. Level Ez disappears at a temperature of
270'C, which is slightly lower than the temperature re-
quired to anneal out Ez in the room-temperature-
irradiated sample. The concentration of E3 reaches a
maximum at 330'C and exceeds that of E, beyond this
temperature. Also shown in Fig. 2 is the temperature
dependence of the minority-carrier lifetime ~. It can be
seen that an increase of the concentration of E3 corre-
sponds to a decrease of v and vice versa, while no such
correlation between ~ and the concentration of E, is ob-
served. Therefore, it is reasonable to presume that E3 is
the major recombination center in the high-temperature-
irradiated Si.

After the samples are thermally annealed within the
temperature range of 20—300'C, the lifetime changes as
shown in Fig. 3 for the samples irradiated at 20 and
300'C. The lifetime of the 300'C-irradiated sample does
not show a fluctuation like the room-temperature-
irradiated one. This behavior improves the thermal sta-
bility of devices. In order to understand the cause of the
lifetime variation, we measured the 20-min isochronal an-
nealing properties of levels E„Ez, and E3. The results
are shown in Fig. 4. For the room-temperature-
irradiated sample, a significant increase of E3 accom-
panied by the reduction of E, and Ez is observed beyond
the temperature of 300'C. This suggests that E3 might
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be a sort of vacancy-oxygen complex, which results from
the decomposition and reassembly of divacancies and ox-
ygen vacancies. The lifetime of minority carriers in the
room-temperature-irradiated sample is controlled by both
the divacancies Ez and the level E3 (Ref. 1). The concen-
tration changes of these two levels are believed to be re-
lated to the instability of the lifetime with respect to the
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FIG. 3. Variation of minority carrier lifetime as a function of
annealing temperature. Solid curve, 300'C-irradiated sample;
dashed curve, room-temperature-irradiated sample.
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FIG. 2. Introduction rates of defects and minority-carrier
lifetime vs irradiation temperature.

FIG. 4. 20-min isochronal annealing properties of the
electron-irradiation-introduced defects. (a) Room-
temperature-irradiated sample. (b) 300'C-irradiated sample.
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annealing temperature. For the high-temperature-
irradiated sample, the concentration of E3 is almost un-

changed with annealing temperature until 300'C, when a
slight increase of E3 is accompanied by a great reduction
of E, . All the multivacancies are almost annealed out in

this sample; hence it can be expected that the concentra-
tion of E3 will not increase very much after isochronal
annealing.

After thermal annealing, the concentration of E3 could
exceed greatly that of E, as shown in Fig. 4(b). We found
that a 350'C, 175-min thermal annealing of a 330 C-
irradiated sample could increase the concentration ratio
of E3 to E, up to a value of 12.8. In this case, electron
capture and emission by level E, are negligible. It is
quite favorable to use such a treatment in investigation of
the optical properties of level E3 by DLOS.

B. Optical properties

Figure 5 shows the measured optical-cross-section
spectra o'„(hv} at 60 and 80 K. The major peak around
h v=0. 38 eV is believed to correspond to the optical tran-
sition from the E3 level to the conduction band. A very
interesting feature of the spectra is the existence of
several equidistant (10 meV) small peaks superposed on
the main peak. According to the following analysis, we
attribute this Ane structure to a phonon mode coupled
with optical transitions via level E3. No report concern-
ing this phonon mode has been presented in previous
DLOS works, although it is a quite well-known
phenomenon in ir absorption and photoluminesce spectra
of defects.

IO—

If the electron-phonon interaction is considered and
the optical transition is treated by the adiabatic and Con-
don approximations, an expression of the optical cross
section for the single-phonon-mode coupling could be de-
rived as

a'„(Ii v) = g t o,')[h v E—3 —(m n)fu—o]
n, m =0

Xpq(n, m, T)],
where

P (n m T) ( 1 e Ace—lkT)e —nhrolkT

pg!
Xe —k ' gill —tl[L m —n(g)]2
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'2P
Aa1+[h v E3 —(m——n }fico] 2m'

(3)

Ace is the phonon-mode energy, A, the electron-phonon
coupling strength, a ' the bound-state wave-function ex-
tent, and L„"(A,) the associated Laguerre polynomial.
The parameter i) has the value of zero (for a permitted
transition) or unity (for a forbidden transition), and the
value of P can be either 1 (for a 5-type potential) or 2 (for
a Coulomb potential). If we assume that P=2 and i) =1
and choose the following parameters: Ace = 10 meV,

E3 E, —0.366——eV, )L, =1.4, and a '=20 A, the calculat-
ed optical-cross-section spectrum at 60 K coincides fairly
well with the observation, as shown in Fig. 6. The pho-
non energy Ace and energy position of E3 are the same as
the experimental values from DLOS and DLTS results.
The assumption of a Coulomb potential (P=2} agrees
with the fact that the thermal-capture cross section O.„of
E3 decreases monotonically with the temperature. The
forbidden transition indicates that the bound-state wave
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FIG. 5. DLOS of a 330 C-irradiated sample treated by
350 C, 175-min thermal annealing.

FIG. 6. The coincidence of calculated optical-cross-section
fine structure (solid curve) with experimental data (+ ) based

upon a phonon-defect interaction hypothesis.
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function of level E3 possesses s-like symmetry. The
Franck-Condon shift of E3 thus can be derived as
d Fc——A, %co = 14 me V.

IV. DISCUSSION

It can be seen from the phonon spectrum of a perfect
Si lattice that the phonon density of states almost van-
ishes at the energy of 10 meV (80 cm '). Hence, the
10-meV phonon mode in DLOS might be an extrinsic
mode induced by the E3 defect. It is likely a kind of reso-
nant phonon mode with the vibrational wave function lo-
calized at the vicinity of the defect. ' Since the phonon
mode is closely related to the nature and the structural
configuration of the defect, it can be theoretically treated
by the Green's-function method of lattice dynamics. The
generalized lattice-dynamical equation is

d2U „(I,r)
M ~1) 2 + g p U+& (l' r )=0

dtz It I I
,a, p,

(4)

where M~„(1) is the mass of the atom, P,„„the force-
constant matrix element, and U „(I,t) the displacement
along the a direction of the p,th atom in the I unit cell at
time t. The matrix expression of Eq. (4) is

d Q +Pu=0 . (5)

0 =(Qa) —P)

and the perturbation matrix is

C =(Q —Q)co +P (7)

then

C =(gM —1) 'g (8)

where

g~ (QO 2 y0) —1

is the Green s-function matrix of a perfect Si lattice, and
~p

and P
0 are the matrices corresponding to the perfect

lattice. The phonon density of states can be expressed
as"

2)(co)= — lim ImTr[Q ' 2C(co+i s)Q ' ]
2'3' g p

(10)

If the Green's-function matrix of a nonperfect lattice is
defined as
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FIG. 7. Calculated phonon spectrum of Si when there exist
V2-02 defects. The inset is the assumed configuration of E3.

kind of vacancy-oxygen complex. Here, we assume it is a
Vz-Oz complex. ' From considerations of symmetry and
stability, the configuration of E3 is possibly composed of
two V-0 defects occurring at two substitutional sites
neighboring each other as shown in the inset of Fig. 7.
The problem then could be simplified to a calculation of
the vibration mode of a V-0 defect pair. The 0 matrix
could be further reduced due to the C3, symmetrical
properties of the V-0 pair. Since both the atomic mass
and force constant would be changed as the Si atoms are
substituted by V-0 defects, the following parameters were
used in the calculation: (1) the change of force constant
along the interconnections of two V-0 pairs, i.e.,
5~~

——P
~~

—
P~~, (2) the change of force constant gerpendicu-

~ plar to the interconnections of V-O, i.e., 5~=/ j —P~; and
(3) the relative change of atomic mass (Ms; —M~ o)/Ms;,
which is a constant, 3/7. Only 5~~ and 5~ are adjustable
parameters. The values of the Green's function g for a
perfect Si lattice was taken from Elliott and Pfeuty. Fig-
ure 7 shows the calculated phonon spectrum, where 5~~

and 5~ were chosen to be 1 X 10 and 2X 10 dyn/cm, re-
spectively. The phonon density of states here shows a
strong peak at 10 meV. This gives substantial support to
our suggestion that the assignment of E3 to a Vz-Oz de-
fect is conceptually preferable.

In conclusion, we observed a deep-level energy
E, —0.36 eV in the high-temperature electron-irradiated
Si which is verified to be an efficient recombination
center. The isochronal annealing experiments associated
with the DLOS measurements show that it might be a de-
fect with the structural configuration of Vz-Oz that in-
duced a 10-meV new phonon mode revealed in the mea-
sured optical-cross-section spectra.

where r is the number of atoms per unit cell and N the
number of unit cells in the crystal. From the definition of
(7), we know that C' remains nonzero only at a very small
region near the defect; therefore the calculation of C is
also restricted to this limited region. It has been pointed
out in the preceding section that E3 is believed to be a
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