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Excitation spectra of magnesium impurities diffused into undoped silicon as well as into
silicon doped with group-III acceptors have been measured. In the former, magnesium is a
heliumlike neutral donor (Mg ) with excited states similar to those of group-V donors and
close to the effective-mass positions; its ionization energy at liquid-helium temperature is
107.50 +0.04 meV. In specimens containing group-III impurities, with the magnesium partially
compensated, excitation spectra are observed similar to those of group-V donors and that
of Mg except that the spacings between corresponding lines are approximately four times
larger and the 1s(hl) —2p~ transition is a closely spaced doublet, 0.2 meV apart. These
features are consistent with a singly ionized heliumlike magnesium donor (Mg') and a small
chemical splitting of the 2p~ state; the ionization energy is 256. 47+0. 07 meV at liquid-
helium temperature. The excitation spectrum of Mg' was also observed in specimens con-
taining Mg subjected to high-energy electron irradiation. Study of the piezospectroscopic
effects shows that both Mg and Mg' occupy a 7&-symmetry site with ls(A. &) as the ground
state. A value of 8. 7 +0.2 eV has been deduced for the shear-deformation-potential constant
-„of the (100) conduction-band minima of silicon.

I. INTRODUCTION

The behavior of group-V impurities as donors
and of group-III impurities as acceptors in silicon
and germanium represents one of the most exten-
sively studied and best understood aspects of semi-
conductor physics. The substitutional nature of
these impurities, the large dielectric constant of
the host, and the effective mass of the bound carrier
are the significant features of the model used to ex-
plain a variety of phenomena' ' associated with these
donors and acceptors which are solid-state analogs
of the hydrogen atom. It is also now well established
that the group-II elements, zinc, ' mercury, and
beryllium in germanium and beryllium in silicon,
are solid-state analogs of the helium atom in that
they are double acceptors; by compensation with
group-V donors one can study these double accep-
tars in their singly ionized state which then are the
analogs of singly ionized helium. The group-VI
element sulfur when introduced into silicon' be-
haves like a heliumlike double donor; several sulfur
donor centers have been discovered though the
exact structures of these have not yet been estab-
lished. For example, the electron paramagnetic
resonance (EPH) measurements by Ludwig' showed

that the sulfur centers designated as D centers by
Krag et al. s are isolated S' at/T, sites, but he
could not determine if they occupied the substitu-
tional or the interstitial sites with that symmetry.
The group-I impurity copper in germanium, " is
another element which has been studied to some
extent. The acceptor states associated with this
impurity are consistent with its being substitutional.

Of the impurities which are interstitial rather
than substitutional, the best-known example is that
of lithium in silicon and germanium. ' ' Transition-
metal ions in silicon and germanium, both as inter-
stitial and substitutional impurities, have been
studied by Woodbury and T udwig'4 who investigated
their EPB spectra. Interstitial aluminum has been
reported in electron-irradiated aluminum-doped
silicon where interstitial silicon and substitutional
aluminum are believed to exchange their roles
it has been shown that these interstitial aluminum
impurities are then donors. Recently, '6'7 the
group-II element magnesium, when diffused into
silicon, has been shown to behave like a double donor
rather than a double acceptor. This behavior can
be understood only if magnesium is interstitial
rather than substitutional. Singly ionized magnesium
donors can be produced by diffusing magnesium into
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silicon containing acceptors" like boron or aluminum
or by electron irradiation as well as by thermally
ionizing neutral magnesium. The purpose of the
present paper is to report and discuss the results
of a detailed study of the Lyman spectra associated
with both neutral and singly ionized magnesium
donors in silicon including their piezospectroscopic
effects.

II. EXPERIMENTAL PROCEDURE

Magnesium was diffused into silicon in the fol-
lowing manner. Pure magnesium' was deposited
by evaporation on the surfaces of the optical sample.
The optical sample was sandwiched between two
other specimens, all three having magnesium on
the surfaces in contact, and heated at -1200 'C
for -1 h in a helium atomosphere; the sample and
the "covers" weld together and thus the magnesium
does not escape into the ambient. After the
heat treatment, the sample, together with the
covers, was quenched in liquid nitrogen. The
covers were then ground off. By following this
procedure an undoped floating-zone silicon, initially
p type and of resistivity -1700 ~ cm, was con-
verted to a low-resistivity n-type specimen with a
room-temperature carrier concentration -2 & 10"
cm . These specimens were adequate for observ-
ing the excitation spectra of neutral magnesium
(Mgo) at low temperatures. In order to study singly
ionized magnesium (Mg') donors, low-resistivity
-10-A-cm boron-doped or aluminum-doped float-
ing-zone silicon was used instead of pure silicon.
From experience it was found that diffusion times
of -10 h were required to produce sufficient con-
centration of Mg' for the present studies. The
samples were too inhomogeneous to give reliable
Hal. l measurements. The boron concentration in
most of the specimens used was -1.5 & 10" cm
and such specimens showed only Mg' spectrum and
no trace of Mg spectrum; an upper limit of 10"
cm ' of Mg' is thus estimated. It was also found
that Mg' could be produced in specimens contain-
ing initially Mg only, by subjecting them to an
irradiation with high-energy electrons. In this
case magnesium-doped silicon was irradiated with
1-MeV electrons from a Van de Graaff accelerator.
Specimens subjected to the same heat treatment
and quench failed to show the spectra if no mag-
nesium was deposited on them initially; this check
was made to satisfy ourselves that we are indeed
dealing with magnesium centers, Mg or Mg' as
the case may be.

The samples used in these experiments were
oriented for appropriate crystallographic orienta-
tions either by x rays or by the optical method of
Hancock and Edelman. ' An optical cryostat
was used for low-temperature measurements;
sample temperatures -12'K are estimated in our

III. EXPERIMENTAL RESULTS AND DISCUSSION: Mg

A. Zero Stress

The excitation spectrum for neutral magnesium
donors in silicon measured with l. iquid helium as
coolant is shown in Fig. 1. The energies of the
excitation lines are given in Table I. The excita-
tion spectrum for phosphorus~' donors in silicon
drawn on the same energy scale as that of Fig. 1
is shown in Fig. 2 for comparison, It is evident
that the lines of the two spectra are strikingly sim-
ilar in spacing and relative intensities. This can
also be seen from Table II where the spacings for
the two spectra are compared, The labeling of
the excitation lines for magnesium donor is based
on this similarity. The half-width for the excita-
tion lines of Mg' is approximately twice as large
as that of the phosphorus lines. The factors con-
tributing to this feature have yet to be established.
The broadening of the lines could also be the rea-
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FIG. 1. Excitation spectrum of Mg donors in silicon.
Liquid helium was used as coolant. Carrier concentra-
tion, g(300 'K), estimated -1.2 x10 cm 3.

liquid-helium measurements. Uniaxial compression
was applied to the specimens for piezospectroscopic
measurements using the differential-thermal- com-
pression technique. ' In order to determine the
shear-deformation-potential constant =„, a cali-
brated stress was employed in some of the piezo-
spectroscopic measurements; this was accom-
plished using a quantitative-stress optical cryo-
stat which is an adaptation of the glass cryostat
described in Ref. 20.

A double-pass Perkin-Elmer spectrometer,
model 112G, equipped with Bausch-and-I omb
plane-reflection gratings and appropriate filtering
systems, was used for the measurements. Typical
resolution in our measurements is -0. 5 cm '. The
radiation was polarized for piezospectroscopic
measurements by passing it through a Perkin-
Elmer wire-grid polar izer with silver -bromide
substrate. A Reeder23 thermocouple with a cesium-
iodide window was used as the detector.
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TABLE I. Energies of excitation lines of Mg donors
in silicon (in meV).

Label

2Po

Pk
3PO

4Po

3P~

4P~ 5Po

5p~

b
I

Assignment

ls (A() 2po
1s(A,) -2p,
1s (A() 3po
ls(A() 4po
ls(A() 3P~

»&i) -4p. 5po

1sg~) 5p~

Energy

95. 80
101.12
101.95
104.17
104.38
105, 33
106.05

107.50 + 0. 04

The experimental error is +0.015 meV. These values
are in good agreement with those reported by Franks and
Robertson (see Ref. 16).

"The ionization energy El was deduced by adding
Faulkner's theoretically determined binding energy of
the 3P~ state (Ref. 26) to the experimental energy of the
transition labeled 3p».

I I I I
l

I I I I

2pg

son why the a and b lines in the phosphorus spec-
trum are not seen in the Mg spectrum.

As an interstitial impurity the donor electrons
of magnesium are expected to be the two 3s valence
electrons thus constituting neutral heliumlike cen-
ters. When one of these electrons is excited, the
screening of the nuclear charge by the remaining
electron and the other core electrons should result
in hydrogenic excited states. The higher the ex-
cited state the more accurate will be this descrip-
tion. Comparison of energy levels of atomic hy-
drogen and helium shows this to be the case. ' We
expect the screening to be particularly effective
for the P-like final states in the 1s -nP transitions.
The remarkable similarity of the spacings between
the excited states of Mg and those of the group-V
donors is thus explained. In the same manner it
is also clear why the spacings observed in the ex-
citation spectrum of Mg are strikingly close to
those calculated36 for group-V donors in the effec-
tive-mass theory.

As in the case of group-V donors, the positions
of the excitation lines of Mg will be determined
by the location of the ground state which may lie
below the effective-mass position due to the break-
down of the effective-mass theory in the vicinity of the

impurity, giving the chemical splitting. The ground
state is expected to be affected most seriously by this
breakdown because of the large concentration of its
wave function near the impurity core. ' It is thus of
interest to deduce the effective-mass ionization
energy, which can perhaps be estimated by increas-
ing the effective-mass ionization energy of group-
V donors calculated by Faulkner 6 in the ratio of
the first-ionization energy of the helium atom to
that of the ionization energy of the hydrogen atom;
this turns out to be (31.27) (24. 46) /(13. 6) = 66. 24
meV. Here we have used the experimental values
for the ionization energies of atomic helium and

hydrogen, which, of course, are well known to be
close to the calculated values [see Eyring, Walter,
and Kimball (Ref. 27)]. The experimental ioniza-
tion energy obtained by adding the calculated values
of the binding energy of the 3P, state to the experi-
mental energy of the transition labeled 3P, in the
Mgo spectrum is 107. 50 meV; the justification for
this procedure lies in the excellent agreement be-
tween the calculated and the experimental spacings
of the excitation lines on the one hand and that be-
tween the spacings of the corresponding lines of
phosphorus and magnesium donors on the other.
Thus, it is evident that the ground state has suffered
considerable chemical splitting. Presumably the
sixfold degeneracy of the 1s state due to the multi-
valley nature of the conduction-band minima along
(100) is lifted in the same manner as for group-V
donors, and the ground state ' is the totally sym-
metric linear combination ls(A, ) with equal con-
tribution of all the six (100) Bloch wave functions,
The experimental proof for the singlet nature of
the ground state will be forthcoming from the pie-
zospectroscopic effects discussed in Sec. III B.

Recently Faulkner ' has calculated in the effective-
mass approximation the binding energies of energy
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4p~-2p~
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Theory

5. 11
0. 92
3.07
3.28
4. 21
4. 17
4. 97

5. 06
0. 93
3. 09
3.28
4. 21
4. 21
4. 94

TABLE II. Spacings of donor excited states in
silicon (me V).

Mg"

5, 32
0. 83
3. 05
3.26
4. 21
4. 21
4. 93

FIG. 2. Excitation spectrum of phosphorus donors in
silicon. Liquid helium was used as coolant. +(300'K)
=7.5 x10~4 cm 3 (see Ref. 24).

Faulkner, see Ref. 26.
"The experimental error is +0. 03 meV.
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levels which are not expected to be observed in the
Lyman spectrum, viz. , of 2s, Ss, Sdo, 4s, 4do,
4f„.. . , etc. Though transitions from the 1s
state to these levels are not allowed in the effective-
mass approximation, they may become weakly al-
lowed due to departures from it. Kleiner and Krag~'
have ascribed several weak lines to just such tran-
sitions. We have unsuccessfully searched for the
corresponding transitions in the spectrum of Mg
in silicon. We can not rule out that the concentra-
tion of magnesium donors in the samples used was
insufficient.

As mentioned already, a significant feature of the
donor levels in silicon is the chemical splitting of
the sixfold degenerate 1s ground state into singlet
1s(A,), doublet 1s(E), and triplet ls(Tz) levels,
with 1s(E) and 1s(T2) close to the effective-mass
position and Is(A, ) depressed considerably below
it. In contrast to the case of shallower group-V
donors, ~ it is not feasible to thermally populate
the ls(E) and 1s(Tz) for Mgo and observe excita-
tion lines which originate from them. Attempts
were made to observe the ls(A, ) -1s(T2) transi-
tion which is again allowed only to the extent of
the breakdown of the effective-mass theory. Such
transitions have been reported for bismuth donors
in silicon, and selenium and tellurium donors in
aluminum antimonide. ' However, we have been
unsuccessful in observing the corresponding tran-
sitions in the spectral range from 41 to 95 meV.
In the course of the above. measurements we found
several weak excitation lines at 87. 18, 87. 99, and

104.90 meV which occurred in only a few of the
samples examined. They appear to be due to as
yet unidentified centers.

Attention should be drawn here to the decrease
in the intensity of the excitation spectrum when the
same specimen is remeasured after a considerable
lapse of time. Figure S shows a typical example
of such a spectrum remeasured after 19 months.
This may be a consequence of precipitation of mag-
nesium. Time-dependent eff ects on donor excita-
tion spectra have been noticed by Gilmer et al.
in the spectra associated with lithium-oxygen com-
plexes and by Ludwig9 in EPB studies of sulfur-
doped silicon.

B. Piezospectroscopic Effect

The study of excitation spectra of donors and
acceptors in semiconductors under uniaxial stress'
-the piezospectroscopic effect —is very valuable
in giving symmetry assignments to the energy
levels and offers a direct means of determining de-
formation-potential constants. The relevent de-
tails applicable to the case of donor states' 9'"
of a multivalley semiconductor are given below.
The conduction-band minima of a multivalley semi-
conductor are shifted with respect to one another

+E ' = [~g(spy+ 2syg)+ „~yys]T,
F II [100],

+E = [ g(spy+ 2sg2)+ gsg ]T2;

(2a)

(2b)

F II [»oj,
E =

g [2~g(spy+ 2s)2)+ ~q(spy+ sg2)]T,
(2c)

[ d(S11+ 2S12)+ "uS12]
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FIG. 3. Time-dependent effect on the excitation spec-
trum of Mg donors in silicon. The dashed curve shows
the decrease of intensity for the same sample remeasured
after 19 months. Liquid helium was used as coolant in
both measurements.

under the application of a uniaxial stress. The
deformation-potential theory as applied to this
problem by Herring gives the shift in energy of
the jth minimum as

~E'= ("„6-.,+ =„Z„"'Z,"')u„, ,

where K"' and Kz" are components of a unit vector
pointing from the center of the Brillouin zone
towards the position in k space of the jth minimum.
The subindex o or P designates a component along
one of the cubic axes of the crystal, u z are the
components of the strain tensor, and 6

& is the
Kronecker-& symbol. The symbols =„and =„are
the dilatational- and shear-deformation-potential
constants, respectively. In Eq. (1) a, summation
over o.' and p is implied. If it is assumed that
both the dielectric constant and the effective mass-
es characterizing the conduction-band minima
are unaltered by strains used in the experiments,
then, for a given valley, the energy-level scheme
of a donor given in the effective-mass approxima-
tion will be unaffected by the stress. However,
the energy-level schemes bearing different valley
labels will be shifted relative to one another by
the amounts given by Eq. (1). This will be true
for all states well described by the effective-mass
theory, for example, the p states.

Under a compressive force F, the valleys j= 1,
2, 3, 4, 6, and 6 along [100], [$00], [010], [0$0],
[001], and [001.], respectively, have energy shifts
&E~ given by
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F II [111],&E' ' = 3 l. 3:u(egg+»ga) +:u(ski+»ia)]T,
(2e)

where T is the applied force per unit area, and is de-
fined to be positive for tension and negative for
compression; the s;,.'s are the elastic compliance
coefficients. It is thus clear that with F (((ill)
there will be no splittings for the effective-mass
donor states whereas for Fll(100) and F~~(110), a
given donor level will split into two components
whose shifts with respect to the center of gravity
(c.g. ) are given by

F II [100],
E ' — E s

——3 „(Sll 812) T (3a)

aE' ' —LE, , = ——,'=„(s„—s„)T; (3b)

F (J [110],
—hE, = +6- „(sqq —s)~) T,

AE' —AE = —
3 (s» —s&2) T.

(3c)

(3d)

Wilson and Feher~' have calculated the energies
of the ground states Is(A, ), Is(E), and ls(T2) as
a function of stress; the results are shown for

2p+ STATE

GROUND STATE

6'= 6/6c
FIG. 4. Splitting of the ls ground states and the 2p~

state of donors in silicon under strain for compressive
force F along (100). E' =E/Q~ and e ' = q/+, where E
is the energy of a given state. Q=~ [the spacing between
ls (4&) and 1s (E)], and 3e is the energy difference between
the (100 ) conduc tion-band minima. The numbers in
parentheses indicate the degeneracies of the various states
while the letters denote the relevant irreducible repre-
sentat;ions of D&, the site symmetry of the donor for this
direction of stress.

F (( [100] in Fig. 4. The stress effect on a typical
excited P state, the 2P, state, is also shown in this
figure for comparison. The labels on the stress-
induced sublevels denote the irreducible representa-
tions of the new site symmetry to which they belong.
As shown in the figure the shift of the singlet Is(A, )
state shows a nonlinear dependence on stress.
Both 1s(E) and ls(T2) states split into two com-
ponents; one component of Is(E) shifts linearly
and the other nonlinearly with stress whereas both
components of Is(Tz) show a linear dependence on
stress identical to that of the P states. It can be
shown' '2~ that the transitions which have ls(A, )
as their ground state should, under stress, ex-
hibit two components, one on either side of the
zero-stress position, while transitions from 1.s
(Tz) and ls(E) exhibit one and three components,
respectively.

It should be noted that, though the Is(A, ) -np
excitation lines will not split under F ~((ill), they
may show shifts due to those of the ls(A, ) ground
state. The separation between the two components
observed for F~( (100) or (110) is the same for all
the lines. If the Is(A, ) level undergoes only very
small shifts, then the energy difference between
the low-energy component and the zero-stress
position will be twice that between the high-energy
component and the zero-stress position for F ((

(100) and vice versa for F II (110).
Another important feature of the uniaxial stress

effect is the pronounced polarization exhibited by
the stress-induced components of the excitation
lines. The selection rules for electric-dipole
transitions are shown in Figs. 5 a,nd 6 for com-
pression along [100]and [110],respectively, for the

1$(A,) -nPO, and nP, transitions. These can be
deduced ' either by group theory or by an inten-
sity calculation using linear combinations of wave
functions appropriate for the new site symmetry
of the impurity. The new site symmetry is de-
duced by enquiring which symmetry operations
of the unperturbed crystal continue to be valid
under stress. Thus, the T„site symmetry is
transformed into the tetragonal Dz, under F II [100]
and into the orthorhombic Cz„under F (( [110].
From Fig. 5 for F ~[ [100], it can be seen that for
E ~~ F, only transitions Is(A, ) -nPO( —) and np, (+)
are allowed, while for E& F, transitions ls(A, )
-nPo(+), nP, ( —), andnP, (+) are allowed For F II.
[110]in Fig. 6, the selection rules also depend
on the direction of the light-propagation vector,

For E ~( F, Is(A, ) —
nPO ( —), nP, ( —), and nP, (+)

are allowed for all q, and for E & F, ls(A, ) -nPO( —),
nPo(+), and nP, (-) are allowed for q ~( [110], while
Is(A, ) - njo(-), nP, (-), and nP, (+) are allowed for
q II [001].

Let us now look at the experimental observations
presented in Figs. 7-10 for uniaxial compression
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F=Q
Site SytT!metry. Td

F II [100]
Site Symmetry. D~d
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2Ap+2EIp+2E

(
n p+(-)
2E

np (+)
A!+B!+E

np (—)
A!+EI~

FIG. 5. Energy levels (not to scale)
for F =0 and F II (100). The arrows
indicate the allowed transitions with
1s{A&) as the ground state. The let-
ters next to a level denote the irreduc-
ible representations of the appro-
priate site symmetry.

Is(A! )

E II F EJF
Is(A!)

along [111], [100], [110], and [110],respectively,
and for electric vector E either parallel or per-
pendicular to F. In these figures the positions of
the excitation lines for zero stress are also in-
dicated.

In Fig. 7, for F!I[111],no splittings are ob-
served. This is consistent with Eq. (2e) together
with either the tetrahedral T„or the tetragonal
D~„-symmetry site for the neutral magnesium do-
nors, since any departure from these symmetries
would have resulted in splittings due to the lifting
of an orientational degeneracy associated with a
noncubic environment. ' For example, splittings

precisely due to the lifting of such an orientational
degeneracy have been reported by Krag et al, for
certain species of sulfur donors in silicon, '

In the case of F II [100] shown in Fig. 8, all the
excitation lines split into two components, one on
either side of the zero-stress position. VYe there-
fore conclude that all the observed transitions orig-
inate from ls(A, ) as their ground state and that the
site symmetry is T„, not D~„. For small stresses,
as predicted in Eqs. (3a) and (Sb), the low-energy
components have an energy shift from the zero-
stress position twice as large as that of the high-
energy components. Furthermore, the polariza, —

F=o
Site Symmetry-' Td

F II [IIO]
Site Symmetry.

'
C&v

Any q j q II [ITO]!q II [001] np (+)

fl P+
2T,+2'

r) pp
A!+E+Tp

lk

I

I

I

I

!

l

!

!

!
l

f np+(-)
2A!+2Ap+

.2B!+2B~

(
npo(+)
2Am

(
np, (-)
A!+Ay+ B!+B~

FIG. 6. Energy levels (not to scale)
for F=0 and F II [110]. The arrows
indicate the allowed transitions with
1sg~) as the ground state and for
the direction of l.ight propagation q
along [110]and [001]. The letters next
to a level denote the irreducible repre-
sentations of the appropriate site sym-
metry. Note that a calculation (Ref.
33) of the intensity of the transition
1s(A~) -npp( ), using effective-mass
wave functions, shows it to be forbid-

denn

for E l 1 and q ll [110].

Is(A) ) I

EIIF E, J F
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FIG. 7. Excitation spectrum of Mg in silicon, with
liquid helium as coolant and with F I (111). n(300 'K)
=2, 7 x10 cm"3. The dashed curve is for EII F and the
solid curve is for E J.F. The arrows indicate the positions
of the excitation lines for F=0.

FIG. 9. Excitation spectrum of Mg in silicon with
liquid helium as coolant and with F II [110]and qll [001].
n(300'K) was estimated to be - l. 2 x10 cm . The dashed
curve is for E.II F and the solid curve is for E JF. The
arrows indicate the positions of the excitation lines for
F =0.

tion features completely agree with the predictions
of Fig. 5, the high-energy component of the nPo
line appearing only for E ~ F and the low-energy
component only for E II F, and both components of
the nP, line appearing for E~ F and only the high-
energy components for E II F.

In Figs. 9 and 10 are shown the results for F il

[110]with q II [001] and q II [110], respectively.
Both the splittings of the excitation lines and the
polarization features agree with the selection rules
given in Fig. 6 and Eqs. (3c) and (M).

When a uniaxial stress is applied along an arbi-
trary direction, it can be shown from Eq. (1) that
the six valleys will form three sets with each set
having a different energy shift. As already men-
tioned, the excited p states will split into as many
components as there are energetically different
valleys. It is thus expected, for a stress along
an arbitrary direction, each excitation line will
split into three components. In some of the mea. -

surements made, three components were indeed
observed due to the misorientation of the (110)
sa,mples.

The shear-deformation-potential constant -„can
be determined from the sp)ittings of the excitation
lines in a uniaxial stress measurement. A quanti-
tative stress cell~~ was used for this purpose. Fig-
ure 11 shows a typical example of such measure-
ments. For F II [100], a, given donor level, under
stress T, splits into two components with their
separation equal to =„(s»—s,a)T, as can be seen
from Eq. (3). Figure 11 shows the energy spac-
ing between the two components of 2P, as a, function
of applied stress. From the slope we obtain for
=„avalue of 8. 7 + 0. 2 eV.

The shift of the ground state 1s(A,) under stress
can also be determined from the above measure-
ment. In Fig. 12, the positions of two experimen-
tally observed components of the 1s(A,) -2P, tran-
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FIG. 8. Excitation spectrum of Mg in silicon with
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of the excitation lines for F=O.

FIG. 10. Excitation spectrum of Mg in silicon with
liquid helium as coolant and with F II[110] and qll[110].
n(300'K) =2.1 x10'5 cm . The dashed curve is for E)IF
and the solid curve is for EJ.F. The arrows indicate the
positions of the excitation lines for F =0.
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sition are shown as a function of stress. Also
shown, with solid lines, are their energy shifts from
the zero-stress position as calculated from their
spacings divided in the ratio 2: 1. From the actual ob-
served energy positions, the ground state shifts are
thus deduced; the resulting shift of the 1s(A, ) ground
state is also shown in the figure. Compared with shal-
low group-V donors, the ground-state shift of Mg is
found tobe smaller as indeed it should be, for the
deeper the ground state, the less it is influenced by
stress, as can be seen from the calculations of Wilson
and Feher. s' For stresses less than 5 &&10' dyne/cms,
the shift of 1s(A,) can almost be neglected. The
stress-dependent energy shift &E, of the 1s(A,}
ground state is given by

4 8 l2 16
sTREss (lo dyne /cm )

&E=&, [3+ -,'x- —.
' (x'+ ~sx+ 4}"'], (4)

108
SI(Mg)-IS
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z
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FIG. 11. The energy separation of the two stress in-
duced components of the 2p, line of Mg in silicon as a
function of stress. The compressive force F is along
(100). The straight line represents a least squares fit;
the experimental error is +0.1 meV in ~ and +0.2 x10
dyn/cm2 in stress.

where 4, is + of the spacing between 1s(A,) and

1s(E), and x= =„(s« —s,2)T/3&, . Knowing the
energy shift of 1s(A,) under a stress T, it is pos-
sible to solve for the spacing between 1s(A.,) and

1s(E), i. e. , 64,. Using the experimentally de-
termined value of 8. 7 eV for =„, we obtain for
6&, a value of 55 + 3 meV. Subtracting this from
the ionization energy 107. 50 meV, an experimental
value of 52. 5 + 3 meV is obtained for the binding
energy of the excited ls(E) state; presumably the

1s(Ts) lies close to this if the separation between
it and 1s(E) is small compared to 6&, as in the case
of group-V donors. This appears to suggest that
our earlier estimate for the effective-mass first-
ionization energy, viz. , 56. 24 meV, is reasonable
for heliumlike donors in silicon. It also suggests
that the ls(E) and 1s(Ts) states are close to the
effective-mass position while ls(A, ) is depressed
considerably below it due to chemical splitting.

IS(AI)
0

-2-
-4-,

0 4 8 l2 16

STRESS (IOsdype /cm )

FIG. 12. Effect of uniaxial stress on the 2p» and ls(Aq}
states of Mg in silicon. The compressive force F is
along (100). The positions indicated are those of the two

observed components of the ls(A&} 2p~ transition as a
function of stress. The experimental error in the posi-
tion of each line is estimated to be +0.05 meV and that
in stress to be +0. 2 x10 dyn/cm . Their energy shifts
from the zero-stress position in the ratio of 2:1 are
shown by the two solid straight lines. From the actual
observed energy positions, the shifts of ls Q~} are deter-
mined; the solid curve shows its shift as a function of
stress.
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TABLE III. Energies of excitation lines of Mg'

donors in silicon (in meV).

Label

2pp

2p:

2'
3p p

4p

Pk
4P~ 5Pp

Assignment

is(A, ) —2pp

is(A. ,) -2p',

is(A. ,) —2P~

ls(A, ) -3pp
isg~) -4pp
ls (hi) —3P~
is (A.)) —4p„5pp

Energy

208. 63+ 0. 015

230. 22 + 0. 015

230. 42 +0. 015
233. 87+0. 015
243, 00 + 0. 045
243, 99 + 0. 015
247. 92 + 0. 015

E b 256.47 + 0.07

These values are larger by about 1 meV than those
reported by Franks and Robertson (see Ref. 16). It
should be noted, however, that the latter were obtained
from a measurement at 135'K. We have observed a
shift to lower energies by —0. 3 meV in going from
liquid-helium to liquid-nitrogen temperature. Such
shifts taken together with larger uncertainties in positions
at the higher temperature due to line broadening can
account for the difference.

"The ionization energy El was deduced by adding four-
times Faulkner's theoretically determined binding energy
of the 3P~ state (Ref. 26) to the experimental energy of the
trans ition labeled 3p~.

IV. EXPERIMENTAL RESULTS AND DISCUSSION: Mg+

A. Zero Stress

The excitation spectrum for Mg' donors in sili-
con measured with liquid helium as coolant is
shown in Fig. 13. The energies of the excitation
lines are given in Table III. The excitation spec-
trum for Mg donors in silicon is also shown in
the same figure for compa, rison; note the energy
scale for Mg is four times larger than that for
Mg' and the strongest line of Mg spectrum, cor-
responding to 1s(A, ) -2P„ is brought into coin-
cidence with the strongest line of Mg' spectrum.
It is to be noted that the half-width for the excita-
tion lines of Mg' is approximately four times as
large as that of the Mg lines. This might explain
why the lines corresponding to the 5P„a and b

lines in the phosphorus spectrum in Fig. 2 are not
observable in the Mg' spectrum.

While the interstitial Mg is a solid-state analog
of the helium atom as already mentioned, Mg' can
be considered as the analog of singly ionized hel-
ium when one of its two 3s valence electrons is
ionized. In this manner, then, the Lyman spec-
trum associated with Mg' donors is expected to be
like those of group-V and Mg donors in silicon
except that the binding energy for each energy state
is increased by a factor of 4 since now the effective
nuclear charge is 2 instead of 1. This explains
why in Fig. 13 the two spectra are strikingly sim-
ilar in relative intensities and why the energy sep-
arations between the corresponding lines of Mg'

TABLE IV. Comparison of energy spacings for ex-
cited states of Mg and Mg' donors in silicon (in meV).

States

3P+ 2Po

Mg Ratio

35. 36 L 0. 03 8. 58 + 0. 03 4. 12 + 0. 02

(a) 13.77+0. 03
3P~- 2P~

(b) 13.57+0. 03
3.26+0. 03

4. 22 + 0. 05

4. 16+0. 05

3P+ 3P0

3P~-4PO
4P~ 5Pp —3P~

10. 12 + 0. 03 2. 43 + 0. 03
0. 99 + 0. 06 0.21 + 0. 03
3. 93 + 0. 03 0. 95 + 0. 03

4. 17+0.06
4. 78+ 0. 97
4. 14+0.16

are -4 times thecorresponding spacings of Mg .
The labeling of the excitation lines for Mg' donors
is based on this compa, rison.

Presented in Table IV is the comparison of energy
spacings for excited states of Mg' and Mg' in sili-
con. The ratio of the corresponding spacings is
approximately 4 as expected. It should he noted,
however, that the ratio is not exactly 4 but slightly
larger. This could be due to the penetration of the
donor electron, the 3s valence electron, inside the
inner electron shell. ' Thus each energy state
could be more tightly bound than the correspond-
ing state neglecting this effect. Also, the lower
energy state is expected to be affected more than
the higher energy state. This should also apply
to Mg; however, since there is another 3s electron
which provides shielding, the donor electron may
not penetrate the inner electron shell as much, thus
resulting in a smaller effect. Besides this, the
orbits of Mg' should be smaller than those for the
other donors.

As in the case of Mg, it is of interest to esti-
mate the effective-mass ionization energy for Mg'.
It is reasonable to assume this to be four times
the effective-mass ionization energy of group-V
donors calculated by Faulkner, i. e. , 125.08 meV.
The experimental ionization energy obtained by add-
ing four times the theoretical value of the binding
energy of the 3P, state to the experimental energy
of the transition labeled 3P, is 256. 47 meV. It is
thus quite clear that the ground state has suffered
a very large chemical splitting. As in the case for
Mg", it turns out that for Mg' the singlet 1s(A, )
state is the ground state, the experimental proof
for which is presented in See, IV B. As in the case
of Mg, quantitative stress measurements can pro-
vide a, determination of the chemical splitting; such
measurements have not yet been made.

A noteworthy feature in the Mg' spectrum shown
in Fig. 13 is the doublet nature of the 2P, line, 2P,
and 2P,'. At liquid-nitrogen temperature this fea-
ture is obscured due to broadening. At liquid-hel-
ium temperature this splitting was observed in the
samples irrespective of the method used for corn-
pensation. It is tempting to ascribe this to the
chemical splitting of the excited states. The irre-
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ducible representation for the 2p, state is 2T, + 2T,
for a T„-donor site symmetry. It could be that this
state, due to chemical splitting, splits into two T,
+ T~ states, or even four states with two belonging
to T, and the other two belonging to T~. Since the
transition from the Is(A, ) ground state is allowed

to an excited state belonging to Tz and not to T„a
doublet feature is thus expected in either case.
Though the 2p, state of Mg' donors is still ex-
pected to be effective-mass-like, compared with
the corresponding state of group-V and Mg don-
ors, its binding energy is four times larger with
a smaller Bohr radius and hence a larger chemical
splitting. This perhaps explains why the doublet
feature of the 2P, state is not observed in the group-
V and Mgo spectra. The 2Po state lies even deeper
than the 2P, state; it should have thus suffered a
larger chemical splitting. It should be noted, how-

ever, that the symmetry of the 2PD state is given
by the combination of irreducible representations
A, +E+ T2, and the transition from the ls(A, ) ground
state is allowed only to an excited state belonging to
T2. Thus no splitting would be observed for the 2PO

line, even if the final T2 state had a chemical shift.
As for the 3P, and higher states, chemical splitting
is presumably too small to be observed.

Attempts were again made to observe the 1s(A, )
-Is(T2) transition for Mg', which is expected to
be -256. 47 —125.08=131.39 meV, if the excited
1s states are still close to the effective-mass
position. No excitation lines, however, were ob-
served in the spectral range from 107 to 135 meV.
Similar attempts were also made to observe
the even-parity levels like 2s, 3s, 3do, . . . etc. ,
for Mg'. An excitation line at 248. 80 meV occurred
only in some of the samples examined. It lies to
the higher energy side of the 4P„5PO line. Its in-
tens ty is somewhat larger than that of the 4P„5Po
line. Its position, however, does not agree with
any of the calculated donor levels. This line thus
appears to be due to some as yet unidentified center.
In one of the samples examined, three extra excita-
tion lines were observed at 238. 66, 239. 60, and
241. 26 meV, respectively. They fall near the re-
gion of 3s and 3d, . Again, since these lines are
not reproducible in other samples, their origin is
not certain.

As mentioned earlier, irradiation of magnesium-
doped silicon with high-energy electrons was one
of the methods of compensation used for producing
Mg' donors. Extensive studies" have shown that
a variety of donor as well as acceptor states as-
sociated with vacancies, interstitials, and their
complexes are produced in silicon as a result of
irradiation with high-energy electrons; with suf-
ficient irradiation the Fermi level moves towards
the middle of the energy gap. It is thus to be ex-
pected that compensation of Mg could occur yield-

ing Mg' donors. It is also possible' ' that the
compensation occurs in the following manner: A
vacancy moves close to the interstitial magnesium
donor, or vice versa and is annihilated yielding
substitutional magnesium. The latter should be a
double acceptor which in turn can compensate the
magnesium donors. This is an intriguing possibi]. -
ity which needs further study. In this context it
should be particularly interesting to discover in
irradiated specimens excitation spectra character-
istic of acceptors in silicon.

The magnesium-doped silicon samples studied
in the present workwere irradiated with 1-MeV
electrons at 10 'C. Magnesium donors were only
partially compensated after irradiation; thus
both Mg' and Mg' spectra can be observed in the
same specimen. In most of the samples compen-
sated with group-III acceptors, the control was
not sufficient to produce partial compensation and
hence Mg' and Mg' excitation spectra were not
observed in the same specimen. A typical example
is presented in Fig. 14 which shows the appearance
of the Mg' spectrum and a decrease in that of Mg
as a result of electron irradiation. It is clear that
the concentration of the Mg donors is decreased
while the excitation spectrum for Mg' appears only
after the sample is bombarded.

Si(Mg'} Si(Mg'}
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4' 5po
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FIG. 14. Effect of 1-MeV electron irradiation on a
magnesium-doped silicon sample. Excitation spectra of
both Mg and Mg' were measured using liquid helium as
the coolant. A and B show the spectrum before and after
the irradiation, respectively. The energy scale for Mg
is four times larger than that for Mg'.

B. Piezospectroscopic Effect

In Figs. 15-19 are presented the excitation spec-
tra of Mg' donors in silicon for uniaxial compres-
sion along (111), (100), and (110), and for electric
vector E either parallel or perpendicular to F.
In these figures the positions of the excitation lines
for zero stress are also indicated.

The absence of splittings observed for the excita-
tion lines in Fig. 15 with F ~~ (111) is consistent
with Eq. (2e) together with a site symmetry T, or
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Ds~. In Fig. 16, for FII(100), all the excitation
lines are observed to split into two components
with one on either side of the zero-stress posi-
tion. This strongly suggests that the interstitial
singly ionized magnesium also occupies the T„
site with ls(A, ) as the ground state. The polari-
zation features also completely agree with Fig.
5, the high-energy component of the nPO line ap-
pearing only for E ~ F, while the low-energy com-
ponent, only for E II F, and both the components
of the nP, line appearing for El F while only the
high-energy componentfor E II P. It should be noted
here that shifts of the stress-induced components
of the doublet 2P, and 2P," should be expected to in-
clude the effect of the chemical splittings; however,
this difference appears to be too small to be ob-
served in the present measurements. Also, the
resolution in the measurement did not allow a clear

FIG. 17. Effect of a compressive force F along (100)
on the excitation spectrum of Mg in silicon. Liquid heli-
um was used as coolant. The insets are for the 2PO, 2p~,
and 2p~~ lines of Mg' in the same specimen, partial com-
pensation in it being achieved by electron irradiation. The
dashed curve is for E II F and the solid curve is for EJF.
The arrows indicate the positions of the excitation lines
for F =0.

separation of 2p, (+) and 2p, (-) from 2'(+) and
2p,'(-), respectively, for E& F. The spa, cing be-
tween the corresponding high- and low-energy com-
ponents is, within experimental error, the same
for all the lines.

In Fig. 17, results for a uniaxial compressive
force F along (100) are presented for a specimen
containing both Mg and Mg' donors as a result of
a partial compensation achieved by electron ir-
radiation. The piezospectroscopic effect of the
excitation spectrum of Mg donors is identical to
that given in Fig. 8. The insets inthe figure show
the splittings for the 2PO, 2P,', a,nd 2P," lines of Mg'
donors during the same measurement. The results
demonstrate that the corresponding lines of Mg
and Mg' show identical splittings and polarization
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FIG. 18. Excitation spectrum of Mg' in silicon with
liquid helium as coolant and with F ]( [110]and qiI |001].
Mg" was produced by compensating Mg with boron accep-
tors. The dashed curve is for Eii F and the solid curve is
for E J.F. The arrows indicate the positions of the excita-
tion lines for F=0.
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patterns. They also imply that the same value of
:-„holds for the two cases.

Figs. 18 and 19 show the results for F II [110]
with q II [001] and j ([ [1f0], respectively. Both
the splittings of the excitationlines andthepolariza-
tion features agree with the selection rules given
in Fig. 6 and Egs. (3c) and (3d). This is consis-
tent with all the observed transitions originating
from a ls(A, ) ground state and with a T~-symmetry
site for Mg'. The resolution in the measurements
was insufficient to separate 2p', (+) from 2p,"(+) and

2p,'(-) from 2p', (-).
V. CONCLUDING DISCUSSION

In the present investigation evidence has been
accumulated to support the conclusion that mag-
nesium enters the silicon lattice interstitially and

as a consequence behaves as a heliumlike double
donor. Baxter and Ascarelli4' have recently car-
ried out an EPR study of magnesium-doped silicon.
As is to be expected they have observed EPR only
in samples containing Mg' donors; using the isotope
Mg ' they have recorded the hyperfine structure
characteristic of it. The excitation spectra and
their piezospectroscopic effects as well as EPR
studies indicate a T„site symmetry for the Mg'
and Mg' donors. Thus, the present investigations

on magnesium favor the tetrahedral rather than
the hexagonal interstitial site. This is also the case for
lithium donors in silicon, ' the other interstitial im-
purity which has been extensively studied.

Another feature which emerges from these stud-
ies is how well the effective-mass theory predicts
the P states even for donors with ionization energies
very much larger than the calculated26 value of
31.27 meV, e.g. , 107.50 meV for Mg and 187.2
meV for one of the neutral sulfur donors. The
positions of the ls(E) and ls(Tz) have yet to be
experimentally established for both Mg and Mg'
donors. As discussed in Secs. IIIA, and IV A these
should be close to the effective-mass position for the
1s state. Also they should be deeper for a helium-
like donor in comparison to a hydrogenic donor.
In this connection the electronic Raman effect4
should be of particular value. Attention should also
be drawn to the fact that whereas for lithium donors
in silicon, the 1s(A,) state lies above the ls(E) and

]s(Tz) states, the opposite is the casefor magnesium
donors, though both are interstitial impurities.

The value of =„determined from the piezospectro-
scopic effect of Mg donors, 8.7~0. 2 eV, is in

good agreement with that determined for the con-
duction-band minimum of silicon by a number of
different techniques. 3 Krag and his co-workers '

quote a value of 7.9 ~0. 2 eV from the piezospec-
troscopic effect of sulfur donors and 7. 9 eV for
phosphorus donors in silicon. It is not clear at
the present what the origin is of the difference be-
tween our value and those of Krag and co-workers.
The values determined from EPR measurements
on lithium donors'3 and group-V donorss' are -11
eV; the serious discrepancy between the EPR value
and the other values has still to be resolved.
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