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Site symmetry and deformation-potential constants of Al-X acceptors in silicon
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A quantitative piezospectroscopic study of the acceptor spectrum of X centers of aluminum in sil-
icon shows that, in contrast to the group-III acceptors in silicon, they have a trigonal rather than the
tetrahedral symmetry with preferred axes along the (111) direction. Uniaxial stress along the
(111) and {110) directions separates these centers into two inequivalent sets with 1:3 and 1:1 ra-
tios, respectively. However, the (100) stress leaves them unaffected. Deformation-potential con-
stants associated with the lifting of orientational degeneracy and those corresponding to the excited

states of the impurity are determined.

I. INTRODUCTION

During the investigation of the excitation spectra' of
group-III acceptors in silicon, Onton et al.? observed an
additional set of lines in aluminum-doped, crucible-grown
silicon; these lines, designated X1—X 4, appeared to be re-
lated to the aluminum impurities and were ascribed to
aluminum-oxygen centers. Similar X centers have since
been discovered in indium-doped silicon.>* It appears
that the presence of the X centers degrades the perfor-
mance of the extrinsic infrared detectors which exploit the
photoionization of the substitutional Al or In acceptors.
Several models for the X centers have been proposed in
the literature. Some involve nearest-neighbor® or distant®
pairs of the dominant acceptor with another impurity,
whereas an interstitial or vacancy-related defect’” has been
suggested on the basis of radiation-damage studies.
Electron-paramagnetic-resonance studies® indicated that
In-X centers are due to In-Fe pairs.’ In the present paper
we report the results of a detailed piezospectroscopic
study of the excitation lines of Al-X centers. The polari-
zation of the stress-induced components, depopulation ef-
fects, and the behavior with compressive force in different
crystallographic directions—all studied with a quantita-
tive stress cell—have enabled us to deduce the site symme-
try of the Al-X centers and the deformation-potential con-
stants characterizing the orientational degeneracy of its
ground state. Our results are consistent with those of
Jones et al.,> who employed, however, only a fixed, un-
known stress.

II. EXPERIMENTAL

A Perkin-Elmer E-1 monochromator and a zinc-doped
germanium photoconductive detector were used in the
present investigation.' A Perkin-Elmer wire-grid polariz-
er with a AgBr substrate was used to polarize the electric
vector E of the infrared radiation either parallel or per-
pendicular to the applied compressive force F. A low-
temperature quantitative stress cryostat!! with a modified
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sample-mounting procedure yielded uniform stress up to
2.5 kbar. The measurements reported in this paper were
performed with liquid helium as a coolant. The samples.
were obtained from crucible-grown, aluminum-doped sil-
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FIG. 1. Effect of a (111) compression on lines 2 and 4 of
the Al-X center acceptor spectrum in silicon for the hole con-
centration p(300 K)=1.6x10' cm~3. The solid curves are for
the electric vector ELF, the applied force, and the dashed
curves are for E||F. Also shown in the spectrum is line 1 of the
aluminum acceptor. The curves are for different compressive
stresses T (kbar).
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TABLE I. Experimental zero-stress positions (in meV) of the
Al-X excitation lines in silicon. p is the concentration of holes.

Line no. Present data Onton et al.? Scott®
1 41.95 4191
2 46.14 46.12 46.12
3 49.98 50.09
4 51.29 51.26 51.33

*Reference 2; p=1.6X 10" cm 3,
®Reference 4; p =8 10'¢ cm—>.

icon ingots; they exhibited the characteristic 9um oxygen
vibrational band as well as the excitation spectrum associ-
ated with residual boron acceptors.!

ITII. EXPERIMENTAL RESULTS

The excitation lines 2 and 4 of Si(Al-X) and line 1 of
Si(Al) are shown in Fig. 1, the identification being based
on the comparison of the binding energies of the final
states as explained in Ref. 1. The line positions are listed
in Table I and compared with the other measurements re-
ported in the literature. The intensities of lines 2 and 4 al-
low a detailed analysis of their stress-induced components.

Figures 1—3 show the effect of uniaxial stress on lines 2
and 4 of the X-center spectrum of aluminum for applied
compressive force F along (111), (100), and (110),
respectively. The electric vector E of the radiation was ei-
ther parallel or perpendicular to F. Figures 4—6 show the
energies of the stress-induced components for F along
(111), {(100), and (110), respectively. It can be seen
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FIG. 2. Effect of a (100) compression T (kbar) on lines 2
and 4 of the Al-X center spectrum. p(300 K)=1.6x10
cm~>. Line 1 of the aluminum acceptor is also shown.
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FIG. 3. Effect of a (110) compression T (kbar) on lines 2
and 4 of the Al-X center spectrum. p(300 K)=1.6x10'¢

cm™3. The vertical arrows at the bottom of the figure indicate
the zero-stress positions of lines 2 and 4.
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from Figs. 1 and 4 that lines 2 and 4 split into four com-
ponents for F|[{111) up to the maximum stress employed
in our studies. Also shown for comparison in Fig. 1 is
line 1 of the aluminum acceptor and its splitting under an
uniaxial stress of 0.3 kbar. Line 1 splits into four com-
ponents also. However, there are important differences in
the behavior of the stress-induced components of the
aluminum acceptor and those of the Al-X center. We re-
turn to this later. For F||(100), line 2 of the Al-X center’
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FIG. 4. Stress dependence of the energies of the stress-
induced components of lines 2 and 4 of Al-X centers in silicon
for F||{111). The triangles and circles are for the electric vec-
tor E parallel and perpendicular to F, respectively. The com-
ponents are labeled as described in the text.
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FIG. 5. Same as Fig. 4 for F|[(100).

splits into two components, whereas line 4 does not (Figs.
2 and 4). Line 1 of the Al acceptor shown in this figure
also essentially shows one component close to the zero-
stress position. For F||(110), line 2 splits into three
components at moderate stresses. At higher stresses, how-
ever, the middle component splits further, leading to four
stress-induced components. Line 4 also splits into four
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FIG. 6. Same as Fig. 4 for F||(110).

components, though at high stresses more lines appear
due to some components from the weak line 3 and higher
states of the X center being resolved from the main line-4
component. (See Figs. 3 and 6.)

The low-energy components of the aluminum acceptor
decrease in intensity with increased stress and vanish at
higher stresses. This is interpreted"? as due to the stress-
induced splitting of the fourfold 'y ground state (site
symmetry Ty) into twofold states. The population of the
upper ground state depletes as it moves up with increased
stress according to the Boltzmann factor. The com-
ponents originating from the upper ground state conse-
quently decrease in intensity. We shall refer to this effect
as the “depopulation effect.” The depopulation effect is
the fingerprint of a split ground state. Lines 1—4 of
group-III acceptors exhibit this effect, leading to the as-
signment of a 'y ground state for all these acceptors.> !>
Surprisingly, the low-energy components of lines 2 and 4
of Al-X centers do not exhibit the depopulation effect.
This is true for all three principal stress directions. This
suggests that the ground state of the Al-X center has a
lower symmetry than I'g, and hence would not be further
split into two components under uniaxial stress.

If the excited state associated with line 2 of the Al-X
center has a fourfold I'y symmetry like all group-III ac-
ceptors, it should split into two levels under uniaxial
stress. Hence, one would observe two stress-induced com-
ponents due to transitions from the ground state which
does not split under stress. This is in contrast to the four
components observed in group-III acceptors due to the
splitting of both the fourfold ground and excited states
into Kramers doublets. Figures 1—6 reveal that line 2 of
the Al-X center splits into four components for F||(111)
and (110), and two components for F||{100). Jones
et al.® postulated the site symmetry of the impurity to be
trigonal instead of tetrahedral and oriented along the
(111) direction. If this were the case, for F||(111), the
impurity centers along [111] would be affected differently
than those along [111], [111], and [111]. This would
lead to two sets of energy levels, with one set displaced
three times below the center of gravity of the other dis-
placed above it. (If the sign of the shear deformation po-
tential is positive the situation is reversed.) For F||[110]
the impurity centers along [111] and [111] would be af-
fected differently than those along [111] and [T 11]. This
leads to two levels equally displaced from the center of
gravity. For F||[100], all four sets of centers are affected
equally and remain degenerate under stress. The experi-
mental results are consistent with this postulate, leading
us to believe that the Al-X centers depart slightly from
the usual tetrahedral symmetry of a substitutional group-
I la}‘cceptor and have a (111)-oriented trigonal symme-
try.

IV. DISCUSSION

On the basis of the experimental evidence presented in
the preceding section, we assume there are four types of
Al-X centers directed along [111], [1T1], [T11], and
[T11] and label them 1, 2, 3, and 4, respectively. For an
arbitrary direction of external applied force, the energy
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shifts 8EY of all four (111) centers would be different.
This yields four sublevels for each of the excited states
due to the breaking of orientational degeneracy alone. We
use arguments similar to Herring’s deformation-potential
analysis'® in the following. The following features for the
stress along high-symmetry directions should be noted.
For F||[111], 8E'V'=—38E?"3@4) This leads to two
sublevels with one of them displaced three times further
above or below the center of gravity than the other dis-
placed in the opposite direction. The signs of the shear-
deformation-potential constant X associated with this
shift and the stress T (negative for compression) deter-
mine whether a level moves up or down in energy. We de-
fine the splitting to be linear in stress and given by

SE(“—*SE(Z)’(B)’M):%X(“l)TSu . (1)

Here, s; are elastic compliance coefficients. For
F||[100], 8E"=0 for all j. The orientational degeneracy
is not lifted. For F||[110], 8EV"®'= _8E®™*  This
leads to sublevels equally displaced from the center of
gravity. The splitting is linear with stress given by

S8EM —8E® = 3X(110yTS4s - @

Due to the reduction in site symmetry of the impurity
under uniaxial stress, there are additional splittings of the
lines which have been studied both theoretically'>'® and
experimentally.'>!7 A substitutional group-III acceptor in
silicon or germanium is characterized by a set of fourfold
energy states separated by twofold partners by the spin-
orbit interaction. For group-III acceptors in silicon, the
ground state and the first three excited states have a four-
fold 'y symmetry."? Under uniaxial stress, in general,
the I'g state splits into two twofold states. For silicon,
due to the small spin-orbit splitting the stress-induced
mixing between the spin-orbit-split states should be taken
into account. This effect leads to the nonlinear stress
dependence of the stress-induced component. Following
Ref. 13, for F along {(111), the eigenvalues of the stress-
induced components of a 'y state are

A
G(S“ +2$12)T+‘—2"—
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and

A111

a(S“+2S12)T— 2

Alll
) .

For F along {(100), the corresponding eigenvalues are

A
0(511+2512)T+ ;00
and
A A
a(511+25,2)T—~;£9 1+—‘}1\F£

We have used the usual definitions Ay, =(d/V3)SyuT
and Ag=2b(S,;—S3)T. Here, a, b, and d are the
deformation-potential constants associated with the given
impurity state. A is the spin-orbit splitting of the respec-
tive impurity state. For F||(110), the stress-induced
splitting of the fourfold Iy state, Ayq, is (+1)'/2(14v/
uA). This reduces to the familiar expression 4%,
=3A2,,+ A}y for v/ <<A. Here, v and p are defined as
p==>(Ako+3A%,) and v=-:A,0(94%,,—A}y). These
results together with the splittings due to orientational de-
generacy of the Al-X center are summarized in Table II.

As shown in Sec. III, the ground state of the Al-X
center is a twofold state and would only shift under stress.
This is in contrast to the group-III acceptors in silicon,
which have fourfold I'y ground state. The crystal-field
splitting of the ground state of the Al-X center due to its
trigonal distortion could have resulted in this effect. The
central-cell corrections would be much larger for the
ground state which is not well described by the effective-
mass theory. The excited states, on the other hand, would
have much smaller central-cell corrections and could re-
tain the fourfold symmetry. Jones et al.’® have argued
that the crystal-field splitting of the ground state is larger
than 10 meV. Spectra taken up to 50 K showed no signs
of components arising from the split-off upper ground
state.

TABLE II. The eigenvalues of the stress-induced sublevels of a I'y state of the Al-X center for
FH( 111) and < 100). 5;, =G(S” +2S12)T, A11[=(d/\/§)S44T, and A,oo=2b(Sn —Slz)T.

Direction of F State Eigenvalue
A
(111) [s+ T 8,,+6E‘”+%
Ay Ay
r 8 sEW 21y
4 ht+ > + 3
I's+ T 8y +SE@ 304 A;,
T, 8 +OE D34 _ Ay 1+ AAHI
(100) e 8y +BE 1M1 4 A2100
| g 8y +SE @34 _ A2100 1+ A)ILOO ]
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A. Applied force along the [111] axis

We denote the stress-induced components of lines 2 and
4 as A-B, where A=2 and 4 and B=1, 2, 3, and 4. The
energies of these components as a function of stress are
given by

A A
Eq1=E;+8,+8E" - =1 |14 =1 |, o
A
E, ,=E, +6;,+5E(l)+__;l_l_ ’ @

A A
E 3=E +8, +8E2»3)4 _ 111 111 )
2 A
A
E u=E +8, +8E? 3@ ;u ©

In these equations E 4 are the zero-stress positions of lines
2 and 4. 8, is the combined hydrostatic shift of the
ground and excited states. One has

A
Ejo—Eq1=E 4—E 3=A0m 1+717\1—1 M
Ey3—Ey=E4—E,=8E?@®_EW ()

Figure 7 shows a plot of the splittings for line 2. The
solid points are the average of E,;—E; and E; 4 —E,,;.
The open squares are the average of the separations
E,,—E,; and E,4,—E, ;. The curves passing through
the data are due to a least-squares fit. As predicted by
Egs. (7), (8), and (1), the fit is parabolic for the open
squares and and linear for the solid points. A similar
analysis has been performed for line 4 also. The values of
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FIG. 7. Average of the energy spacing between the stress-
induced components 2-3—2-1 and 2-4—2-2 as a function of
stress for F||{111) and {110) is shown by the solid points.
The average of the energy spacing 2-2—2-1 and 2-4—2-3 for
F||{(111) and (110) and 2-2—2-1 for F||{100) is shown by the
open squares. The solid curves passing through the data
represent fits by the method of least squares to the equations
given in the text.

X for lines 2 and 4 for F||{111) are 2.73+0.03 and
0.72£0.05 eV, respectively. The values of d (we use sub-
scripts to denote the line) are d,=—1.86+0.04 eV and
dy=—3.701£0.11 eV. From the nonlinear term of Eq.
(7), we obtain d2?/A for lines 2 and 4 as —2535 and
—3903 eV, respectively. Using the values of d deter-
mined from the linear term, one gets the values A for lines
2 and 4 as —1.37 and —3.51 meV. (See Table III.)

B. Applied force along the [001] axis

For F||[001], 8E"-»(3:®)~0 and lines 2 and 4 should
split, in general, into two components. The energies of
these components are given by

A
E, ,=E, +5;.+_;00 9)
and
A A
EA_2=E,,+5;,—% 1+—)‘f'3 (10)

Figure 7 shows a plot of the splitting

A
14 100

Eyp—Ey =—Ap T

for line 2 by open squares. The curve passing through the
data was obtained by the method of least squares. We ob-
tain b,=1.24+0.03 eV and b3/A,=—1331 eV. Using
b, obtained from the linear term of the fit, A,=—1.16
meV. Line 4 does not split under stress. Hence, b,=0.
The deformation-potential constant X for (100) is also
zero for lines 2 and 4 since 8E1 231 @ 0,

C. Applied force along the [110] axis

For F||[110], one expects four compounds each for
lines 2 and 4. Following the same notation as used for
[111], we have

EA.3—EA-1:EAA"EAQ:SE(Z)'“)—SE(”'(3) (an

and

E 2—E=E 4—E 3==(5p)"" (12)

Y
1 —_
+on

Figure 7 shows a plot of the data for line 2 and fits by the
method of least squares. From Egs. (2) and (11), we ob-
tain X for lines 2 and 4 for [110] as 4.56+0.04 and
4.45+0.10 eV, respectively.

From the definitions of © and v and the data for
F||{100) and (111), one can determine A, which
should be compared to the experimentally determined
values. From the fit to the data for line 2, we get
1.92+0.04 eV, which compares well with 1.67+0.40 eV
obtained from the data for (100), and (111). For line 4
the corresponding values are 2.04+0.19 and 2.30+0.40
eV, which are again in good agreement. The data for
(110) are hence consistent with the data for (100), and
(111), taken in the context of Eq. (12).
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TABLE III. Deformation-potential constants of Al-X center in silicon.

Line 2 Line 4
Direction of F (111) (100) (110) (111) (100) (110)
X 2.73+0.03 0 4.56+0.04 0.7240.05 0 4.45+0.10
b 1.24+0.03 0
d —1.86+0.04 —3.70+0.11
A —1.37 —1.16 —3.51

V. CONCLUSIONS

The piezospectroscopic study of Al-X centers in silicon
has yielded values for the deformation-potential constants
associated with shifts of the (111 )-oriented X centers and
those of the excited states of lines 2 and 4. It is shown
that the X-center complex has a trigonal rather than
tetrahedral symmetry with the preferred axes along the
(111), directions. The ground state is a twofold state
(unlike a fourfold I'g state). These results are consistent
with those of Jones et al.®> However, the nature of the
complex whether it involves oxygen, boron, or carbon,
cannot be conclusively stated. There is considerable

speculation®~° on that count and it can only be resolved
by a careful study of the x centers as a function of the
concentration of the alleged complex-forming defects.
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