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Magnesium diffused into silicon forms a deep-double-donor state. Depending on the compensation, the
distinct valence states Mg®, Mg™*, or Mg** are possible. EPR measurements have been performed at 55
GHz on the paramagnetic valence state Mg* at liquid-helium temperatures. In thermal equilibrium, with the
sample in the dark, the EPR absorption of Mg* is consistent with the Mg* ion occupying the tetrahedral
interstitial position, with 15(4 ) as the electronic ground state. This confirms previous optical-absorption
work. With near-infrared light incident on the sample (1S A <2 ), this paramagnetic center is converted to
a metastable state (Mg™)*, where the Mg* ion is displaced from T, to an interstitial position along the
(111) axis of the Si unit cell. Although only a small g shift of Mg™ results from such a conversion, large
changes are observed in both the contact interaction with the magnesium nucleus and the spin-lattice
relaxation time. The optical conversion is total below « 14 °K, where the characteristic lifetime is of the
order of minutes. In the dark, (Mg*)* decays back to (Mg*:T ;) with second-order kinetics. This optical
conversion can be explained either by an ionic-motion model or by an electron transfer process involving
Mg** ions associated with a substitutional lattice defect.

I. INTRODUCTION

Impurity states in semiconductors, most notably
in silicon and germanium, are one of the most ex-
tensively studied topics in solid-state physics.
Group-III and group-V impurities in Si and Ge have
been successfully treated by the effective-mass
approximation' (EMA). The appropriate model for
these defects is the hydrogen atom, with the Cou-
lomb potential reduced by 1/¢, because of the elec-
trostatic shielding of the surrounding crystalline
environment (characterized by the static dielectric
constant ¢,). Since the resulting binding energy is
small, the electron orbits are large. The appro-
priate electron mass is then the effective mass of
the relevant energy band of the host crystal.

The validity of the EMA has been established by
the observation of the hydrogenic optical excitation
spectrum? of group-III acceptors and group-V do-
nors in Si and Ge. The complexity of both the va-
lence and conductionbands modifies, in acalculable
way, the simplest hydrogenic spectrum that would
result in an isotropic medium. Such band complex-
ities have been directly observed in cyclotron-reso-
nance experiments,

For donors in silicon, each hydrogenic state is
sixfold degenerate because of the six equivalent
{100) conduction-band (CB) minima. Although the
agreement between the calculated and observed
spectra is good for the p states, the ground-state
agreement is poor, i.e., different binding energies
are observed among the group-V donors. Itis
necessary, therefore, to include contributions
arising from the core electrons of a particular do-
nor to the binding energy of the valence electron in
order to explain this discrepancy. Because of the

1

tetrahedral field at the donor site, the sixfold de-
generate 1s ground state is split into 1s (4,), 1s
(E), and 1s (T,). The separation between these
states depends on the interaction of the loosely
bound valence electron with the remaining electrons
of the donor. The singlet 1s (4,) generally has an
energy which is lower than either the doublet 1s

(E) or the triplet 1s (T,). The singlet wave function
is anequally weighted linear combination of 1s states
localized under the six equivalent CB minima of Si;
it gives a nonvanishing value for | (0) |2, and thus
the “chemical shift” of this state is the largest. The
doublet and triplet states have | (0)|%=0 and lie
near the EMA binding energy. In thermal equi-
librium at low temperatures, only 1s(4,) is pop-
ulated and thus probed by EPR.

The variety of information that can be obtained
by EPR studies of donor states is best illustrated
by the work of Feher,* dealing with the group-V
donors inSi. The chemicalshift of these impurities
is relatively small; they are termed “shallow.”
Impurities which form deeper states, with binding
energies considerably larger than the EMA value
(~30MeV), are less-well understood. The primary
example of a deep donor has been sulphur, whose
substitutional nature has been indicated by optical®
and EPR® work. Impurities can also enter the sili-
con lattice as interstitials, an example being lith-
ium.”® This shallow donor exhibits a near degen-
eracy of 1s (4,), 1s (E), and 1s (T,) (very small
chemical shift) not found for any other donor. Iron-
group transition metals in silicon have also been
studied.® They can form deep-donor states at ei-
ther substitutional or interstitial lattice positions.
Their study, as well as that of sulfur and lithium,
has been complicated by their tendency towards
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association, either with themselves or with com-
pensating donors and acceptors. The formation of
such complexes has been clearly established by
EPR.°

Magnesium in silicon is of interest because
it is a double donor, like sulfur, and an interstitial,
like lithium. Since magnesium has two valence
electrons, it is thé solid-state analog of the helium
atom. Optical-absorptionstudies!®'!! on magnesium-
doped silicon have established the interstitial nature
of this impurity because of the observed donorlike
excitation spectrum. The lighter group-II element
beryllium, on the other hand, gives an acceptor-
like excitation spectrum?? and is thus believed to be
substitutional. The spectrum arising from the al-
lowed 1s—np transitions of neutral magnesium do-
nors differs from those of the group-V donors by a
constant energy arising from the larger binding of
the former. Singly ionized magnesium has a sep-
aration between the different np states roughly four
times those of Mg’ The delocalized np states of
magnesium can thus be described rather well by
the EMA. The position of the 1s ground state does
not agree with what would be expected from scaling
the atomic results for helium, where the binding
energies of Mg® and Mg* would be expected to be
~55 MeV (He atom) and 4 X 30 ~ 120 MeV (He"),
respectively.!! Theexperimental valuesare signif-

_icantly larger, '® 107. 5 meV for Mg® and 256. 5
meV for Mg*, Magnesium insilicon is thus a “deep”
donor,

The atomic configuration of Mg* is [Ne] 3s*. In
view of the odd number of electrons, Mg is ex-
pected to be paramagnetic and a candidate for EPR,
By contrast since Mg® contains an even number of
electrons, it is not expected to be paramagnetic.
Experimentally, EPR absorption has only been ob-
served by us in silicon containing Mg*. Only this
valence state will be discussed in this paper. The
present EPR work on Mg" was initiated to verify the
result of optical experiments!! that the Mg* ion oc-
cupies the tetrahedral (7,) interstitial position with
1s (4,) as its electronic ground state. The mep-
sured EPR parameters can then be compared,
along with the previous optical data, to future chem-
ical-shift calculations for this interstitial deep do-
nor. Our EPR work does confirm the 7; symmetry
and the 1s (4,) electronic assignment. Electron-
nuclear double resonance (ENDOR)* * would provide
a more detailed study of the 1s (4,) state of Mg™; itcan
distinguish the T, substitutionalfrom the 7, intersti-
tial lattice sites. ENDOR measurements do not
appear to be feasible, however, because of the very
low Mg* concentrations (~ 10** cm™®)., The ENDOR
requirement of a long spin-lattice relaxation time
T, is however easily satisfied at liquid-helium tem-
peratures (LHeT). In addition to an EPR study of
(Mg*: T,), another species of Mg has been detected

10,11
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when the Si samples were illuminated with near-in-
frared light. A report on the study of this state,
(Mg*)*, and its relation to (Mg*:T,) is another pur-
pose of this paper. Possible models for the photo-
conversion of (Mg": T,), and its subsequent recov-
ery, will be proposed in Sec. IV,

II. EXPERIMENTAL PROCEDURE

Singly ionized magnesium can be created either
by thermal ionization of neutral magnesium donors!®
(T2 90°K), or by diffusing magnesium into silicon
containing group-III acceptors.'® This valence
state can be made to coexist with Mg® by electron
bombardment at room temperature of intrinsic sili-
con into which magnesium has been previously dif-
fused.'® Our EPR samples were prepared by dif-
fusing pure magnesium®® into floating-zone silicon
doped with ~ 10'® boron acceptors/cm® in a manner
described by Ho and Ramdas.!! Following diffusion
near 1150 °C (for about 8 h), the samples were
dropped into liquid nitrogen. Such a rapid thermal
quench is necessary to avoid the precipitation of
the low-solubility magnesium. The quenched sam-
ples were prepared to have a thin-circular-disk
geometry, whose 8-mm diameter was that of a cy-
lindrical TEy, microwave cavity, For a typical
disk thickness of 1,15 mm, the samples had a mag-
netic filling factor of ~0.3. Such large filling fac-
tors are necessary to perform EPR on samples
containing ~ 10 Mg* ions/cm?,

In addition to using natural magnesium |which
contains 10% of the Mg?® isotope (nuclear spin %)],
samples were prepared from magnesium enriched!®
to contain 99.2% Mg?®. Such isotropically enriched
samples serve to distinguish the Mg* EPR absorp-
tion from other paramagnetic defects found in our
thermally quenched samples. Such an identifica-
tion is possible from the (2I+ 1) =hyperfine-line
“signature” provided by (Mg?%)* donors. EPR spec-
tra assigned to Fe?, Fe*, Cr° and Cr* were also
detected. Their identification is based on a com-
parison with the spectra reported in Ref. 9. A
light-sensitive center believed to be related to the
compensating boron acceptors has also been de-
tected!” below 6 °K. Above this temperature the
linewidths become too large to yield an observable
EPR. Such a broadening may be due to a rapid de-
crease in the spin-lattice relaxation time with in-
creasing temperature, %18

The low solubility of magnesium in silicon yields
a concentration gradient that is easily apparent by
comparing the EPR intensities of a sample with
first one face, and then the other, placed on the
cavity wall where the microwave magnetic field is
a maximum. Such intensity differences were most
pronounced in samples where Mg was diffused from
only one side. Density gradients are also indicated
by the fact that the experimentally determined “av-
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erage” Mg’ densities are typically 2 x 10" cm™3,
while the compensating boron has a uniform den-
sity of 1.5 X 10*® cm™?; only Mg** would be expected
in such a uniformly doped sample. With our sam-
ple preparation experience, most of the Mg* donors
occupy the region < 0.3 mm from the surface.
Another problem with this impurity is its long-term
instability. Agradual decreasein concentrationtakes
place over aperiod of months'"'**!7; such an instabil-
ity would be expected for an interstitial impurity.®

A 55-GHz superheterodyne microwave spectrom-
eter with a 65-kG superconducting solenoid was
used in our experiments. The details can be found
elsewhere.'” The minimum detectable spin den-
sity at 4. 2 °K with this system was ~10!* spins/cm?®
G, for an incident power level of 1 uW. This fig-
ure was determined from EPR measurements on
phosphorus-doped silicon (filling factor, 0.2),

The relatively high frequency of our spectrometer
is necessary to resolve the small g shift of (Mg*)*
in relation to (Mg*: 7T,). The solenoid had a 1. 5-in.
bore, allowing ample room for cavity design at

20 kG (g~2).

Variable-temperature operation was provided by
surrounding the cavity with helium exchange gas
and by using a nonmagnetic heater wire wound
around the cavity body. A 15-W carbon resistor
mounted on the cavity served as a thermometer.
The cavity resonant frequency could be varied £0.5
GHz by changing the penetration depth of a fused-
quartz finger protruding into the cavity. This tun-
ing finger was the tapered tip of a quartz light pipe,
by means of which the sample was illuminated. The
Si (Mg*) samples were cut so as to have either the
(111) or the (110) cubic axis parallel to the magnet-
ic field. Cyclotron resonance was used to check
the orientation of the Si (Mg*) samples in situ, by
taking advantage of the well-known!? mass anisot-
ropy of conduction-band electrons.

The g values and hyperfine splittings, spin den-
sities, and the spin-lattice relaxation times for
both species of Mg® were measured simultaneously
with those corresponding to a phosphorus-doped
silicon standard sample, mounted in the cavity
with the Si(Mg*) samples. This technique provides
a direct comparison of the spectrum of a deep do-
nor with that of an extensively studied shallow do-
nor whose EPR parameters have been accurately
measured. #2° This comparisonis independent of in-
strumental effects. It also provides for a direct
relative-impurity-concentration measurement and
avoids calibration problems (hysteresis effects)
with the solenoid.

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Thermal Equilibrium State (Mg*: Ty)

Ho and Ramdas, ! as a result of their piezospec-
troscopic measurements, have assigned the Mg*
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ion to the tetrahedral interstitial position, with the
singlet as the ground state. The spin Hamiltonian
for (Mg?®)* donors should then be the same form as

that found for the group-V donors%:
m=gu3§.ﬁ+ADg.§+(§Ang-§. M

These terms in order of relative strength are the
Zeeman splitting, the hyperfine splitting due to the
donor nucleus of spin I, and the hyperfine splitting
due to the 4. 7% abundant Si% nuclei (located a dis-
tance |T,| from the donor nucleus). When the site
symmetry is T,, a 1s (4,) state has both g and 4,
isotropic. The Fermi-Segré “contact” terms
dominate the hyperfine interaction and

Ap=% 7 ug (up/Ip) l p (0) ’2 ’

Akzlg- T Mg (;L/I) ‘ 1/)1; (f,,) )2 ’

where ujy is the electronic Bohr magneton, uj,

and I, are the magnetic moment and spin of the
donor nucleus. The terms p and I refer to the Si?®
nuclei.

In the high-field limit, gugH>> Ay >> A, for all
¥,, and spin resonance occurs for the magnetic
fields,

Hy= E;—B(hv - Ap my - ZZ, A, m,.). (3)

Expression (3) describes the (Mg?®)* spectrum of
Fig. 1 with (2I, + 1) = 6 lines of equal intensity
spaced (Ap/gug) apart, and centered about g=
1.9981. This g value describes the single line ob-
served in the natural magnesium sample containing
(Mg®*%8)* donors for which I,=0. The P*! EPR
lines from the simultaneously measured standard
serve to calibrate the linear magnetic field sweep.
Their separation is 42 G with their “center of grav-
ity” at g=1.9985. The measured (Mg®®)* splitting
is 30 G, from which we calculate

|5 (0)|2=2.0 x 10** cm™®

for (Mg*: T,). Identical spectra are obtained with
Hi (110). Therefore g and Ap are both isotropic,
which is consistent with the optically assigned 7,
site symmetry. A comparison of the (Mg*: T,) spin-
Hamiltonian parameters with that of a sampling of
other donors in Si is given in Table I, It is to be
noted that both |9, (0) |2 and g of (Mg*: T,) are quite
close to those of arsenic, although their optical
binding energies are quite different.

Another feature of the (Mg*: 7,) EPR absorption
is that only six Mg® hyperfine lines are observed,
which is characteristic of an isolated Mg* donor.
This observation excludes the association of Mg*
ions. Clear EPR evidence for the association of
an interstitial donor with itself or with compen-
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sating acceptors has been found in “slowly” cooled
silicon doped with iron-group metals.® Perhaps
the most aesthetic example is the 21--hyperfine-
line spectrum arising from a complex of four man-
ganese donors.? Even when a donor forms a com-
plex with a zero-spin nucleus, such an association
is observable by the induced anisotropic g value.
An example is the Li-O complex.*” The absence
of such distinctive effects argues for isolated Mg*
donors.

The last term in Eq. (3) gives rise to the EPR
linewidth; the Si?® interactions remain unresolved.
The ENDOR technique of Feher? has demonstrated
that the group-V donors have “inhomogeneously”
broadened EPR lines due to the “local” magnetic
fields supplied by the 8i®® nuclei. The EPR line
shape is Gaussian to a good approximation since
the number of contributing Si?® nuclei is large,

The variation in the EPR linewidths among the
group-V donors in Si and Ge can be reasonably
accounted for by using the observed optical binding
energies to correct the 1s(4;) EMA wave func-
tions.* The EPR linewidth thus constitutes a check
on the singlet wavefunction,

In our case, on account of the large samples (re-
quired because of the low Mg* densities), the EPR
lines are artificially broadened by the magnetic-
field gradient over the sample volume. The ob-
served peak-to-peak linewidth has ranged from 3.5
to 4.3 G; both Mg® and P° give the same linewidth
for a given run. Since the Si (Mg*) samples are
thicker than the Si (P) standard, we conclude that
AH,, (Mg*) <AH,(P)=2.8G.*

The substitutional donor S* has a binding energy
which is larger than that of Mg*., The hyperfine
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isotopically-enriched

H Il A1y, samples 3 and

natural
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FIG, 1. Identification of the
(Mg” : T;) spectrum by the use of
a sample containing isotopically
enriched Mg”. The EPR absorp-
tion of (Mg?%)* and (Mg®®)* (natural
magnesium) and (Mg®®)* donors is
denoted by arrows, The simul-
taneously measured phosphorus-
doped standard, denoted by P, con-
tained #10' P"/em®, To minimize
microwave saturation effects of
(Mg*: T,), these measurements
were made near 20 °K with a micro~
wave power level of ~ 0,2 uW,

interaction with some of the Si% nuclei is sufficiently
strong so that these “shells” (Si%® nuclei with the
same |T,|) give a resolved splitting in the EPR
spectrum. These additional splittings have been
called “superhyperfine” (shf) lines to distinguish
them from those of the donor nucleus. Superhyper-
fine transitions have also been observed in the
EPR spectrum of Al'* in silicon.® The shf lines
can be used to distinguish the 7); substitutional lat-

TABLE I. EPR comparison of (Mg*: T,) with other
donors studied in silicon.

Optical®
binding
19p(0) 12 energy
Donor G value? (10% cm3) (meV)
(Mg*:T,) 1.9981 2.0 256.,5°¢
st 2. 00544 34,04 5204
Li-O 1.9978 (gy) 0.0033 39.4
1.9992 (g)
P 1,9985 0.43 45,3
As’ 1.9984 1,70 53.5
Sh? 1.9986 1.20 42,5
Bi’ 2, 0003 14.0 70,5
EMA 1,9988? 0.08° 30f
(delocalized donor
EPR)

2Reference 4.

PReference 2.

°Reference 13,

dReference 6.

°W. Kohn and J. M, Luttinger, Phys. Rev. 97, 883
(1955),

fReference 1. Also see, R. A, Faulkner, Phys. Rev.
184, 713 (1969), For Mg and S, the EMA value would
be ~4x30=~ 120 MeV,
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tice site from the 7, interstitial in the absence of
ENDOR, although identifying these lines with par-
ticular Si%® shells can be difficult,®2® No shf lines
have been observed in our experiments on Mg",
Their absence may arise because the charge con-
centration is insufficient at different Si lattice sites
to give a resolved shf structure. This conclusion
is uncertain because of the low Mg" densities and
the correspondingly low signal levels. Both S* and
Al'" can be implanted in silicon to concentrations
in excess of 10'® cm™,

B. Effect of Light: The Metastable State (Mg*)*

The (Mg": T,,) spectrum undergoes a remarkable
change with light, as shown in Fig. 2 for the nai-
ural magnesium samples. The single isotropic
EPR line splits into two components with a 1:1 in-
tensity ratio for i (110) and a 3:1 ratio for Hi
(111). The improved signal-to-noise ratio of the
light induced state (Mg*)*, is the result of its
sharply reduced spin-lattice relaxation time in
comparison to (Mg*: T;). The shorter Ty values
allow lower temperatures and higher microwave
power levels to be used (viz., sample No. 2 of Fig,
2).

The measured g values of the component lines,
and their relative intensities, reflect the (111) ax-
ial symmetry of the interstitial lattice site occu-
pied by Mg* when it is transformed into (Mg*)*,
The spectra of Fig. 2 can be described by

g’z(e):gﬁ cos® 6 + g5 sin? 9, (4)

where g, =1.9974 and g, =1.9986 (x 0.00015), and
6 is the angle between H and the (111) axis of the

P
DARK
H—>
P
LIGHT
(Mg+)* (Mg+)*

H Il <il), SAMPLE NO. |
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(Mg"’ﬂ&)
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Si unit cell. An identical symmetry has been found
for the Li-O complex,? Its (111) axis was explained
as a displacement of the lithium atom from the T,
interstitial position (assigned to isolated lithium™?8)
caused by an interaction with a nearest-neighbor
oxygen atom. A corresponding modelfor (Mg*)* is
not unreasonable. Such amodel will be discussed
in Sec. IV. It must, however, be shown that the
light-induced spectra of Fig. 2 arises from mag-
nesium donors. Light could for example transfer
an electron from Mg"® to another impurity or lat-
tice defect which then becomes paramagnetic. The
exclusion of such a process is possible from the
hyperfine “fingerprint” of (Mg%)* donors.

Figure 3 shows the effect of light on a Mg® -en-
riched sample with H1(111). Rather than two lines
with a 3: 1 intensity ratio, the EPR spectrum with
light is seen to be an overlap of at least seven
lines. If the hyperfine splitting of (Mg?®)* * is iso-
tropic (or unmeasurably anisotropic), each of the
two lines with H i (111) would be expected to split
into six components for a total of 12 lines. The
3:1 intensity ratio would be maintained for the two
multiplets (each containing six equally spaced lines
lines), The 12 lines of the spectrum with Hi (110)
would all have the same intensity. This anticipated
spectrum is observed (Fig. 4). Although the de-
rivative of the sum of 12 overlapping lines is dif-
ficult to visualize, the extremal lines marked A
and B in Fig, 4 clearly exhibit the anticipated in-
tensity ratios. The P° standard was removed from
the cavity to obtain Figs. 3 and 4 because the two
P3! lines overlap the extreme lines of (Mg2%)**,

The large overlap of the 12-line spectra is caused

22°K
0.15,,‘W

FIG. 2. Effect of light on the
two natural magnesium samples.
The (Mg** g values are 1.9985
and 1.9974 for H I{111) and
1.9986 and 1.9978 for HIl(110).
The ratio of the Si(Mg* to Si(P)
standard-sample filling factors is
0.32/0.08 for sample No.1 and
0.29/0.095 for sample No. 2.

16°K
1.5 uW

H Il 10>, SAMPLE NO,2
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LIGHT EFFECT
ISOTOPICALLY ENRICHED MAGNESIUM

—» 30G j¢—
R IIKInY, sample no3

———2 - Q=1.9985- — % —

LIGHT

FIG. 3. Effect of light on a sample doped with Mg®
showing the “collapse” of the (Mg?)* hyperfine splitting.
The magnetic field sweeping rates are equal with and with~
out light. The respective temperature and power levels
are different, having been selected for best signal-to-noise
ratio.

by the fact that the his of (Mg*)*, 4.8+0.2G, is com-
parable with the individual linewidths (which are
broadened by the inhomogeneous solenoid). From
the (Mg?%)** hfs we obtain

|95 (0)] 2=0.33 x 10* cm™ for (Mg*)*.

Near 4.2 °K, the spin-lattice relaxation times
for the group-V donors becomes quite long, 20 and
EPR measurements can only be performed under
various “passage” conditions.?* Long spin-lattice
relaxation times (i.e., 7;> 10" sec) are also ob-
served for (Mg*: T,) up to at least 25 °K. Because
of the low Mg" concentrations, magnetic field mod-
ulation with phase-sensitive detection had to be
used exclusively. At high enough temperatures
and low enough microwave power levels, “slow
passage” conditions could be obtained and 7, mea-
sured by the same saturation method® used for the
group-V donors®® above 4. 2 °K, i.e., by measuring
the absorptive component of the paramagnetic sus-
ceptibility as a function of microwave power.

In order to obtain T, by the saturation method®*=2
we assumed that T, =T,. The justification of this
choice is based on the fact that in the range over
which the measurements could be carried out T,
« T, and the spin packets comprising the Mg* EPR
line are “7T, limited, ”™ Gordon and Bowers® mea-
sured 7T, for P and Li donors in Si at 1.4 °K as
equal to 2.4 X 10 sec. The value of T, decreased
to 2 X 10 sec for changes in the P concentration
from 3 X 10'® to 10'7 em™3; it remained unchanged

J. E. BAXTER AND G. ASCARELLI
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when substitutional P donors were changed into
interstitial Li donors. The value of 7, doubled
when P donors were studied in a crystal grown
out of enriched Si%®, A similar estimate for the
value of T, appears reasonable in the case of Mg*,
This choice of T, leads to the conclusion that T,
< T, for Mg* when T>9 °K.

In reaching our estimates of 7; we have not taken
into account either the density gradient of the Mg*
concentration in the sample or the variation of both
the static and the rf magnetic fields over the vol-
ume of the sample. Both effects require appro-
priate averages? that are temperature independent
and do not contribute to the temperature variation
of Ty. The latter is the significant result of Fig.

5. Castner’s results for the shallow donors
(dashed lines) are shown together with our results
for Mg*, (Mg*)*, and P in Fig. 5.

Castner has shown?® that at sufficiently high tem-

perature T, is dominated by an Orbach?® process,

(Tl)alrbichoc eA/kBT ’ (5)

that arises because the spin relaxation of the 1s
(4,) state takes place through phonon-assisted
transitions to higher lying 1s states, 1s(E) and 1s
(T,). The activation energy A is the energy dif-
ference between 1s (4,) and 1s (T,) or 1s(E). The
Orbach-dominated temperature region for the

E I <110Y, sample no, 4

16.5°K

— IOGh__

N

H_Il <111y, sample no.3

100G

L

FIG. 4. Detailed sweeps of the (Mg®)** spectra show-
ing the positions of the component lines of the two six-
line multiplets. With sample No. 4, each component line
is equivalent to ~8x 1012 spins/cm?, or a total of ~10!!
spins.
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group-V donors is given by dashed lines in Fig. 5.
Castner’s data have beenused without correcting for
a possible dependence of T, on the magnetic field. %°
The data of Ref. 26 were taken at 3.3 kG, while the
present data were taken at 19. 5 kG,

The slow variation of 7| with temperature for
(Mg": T,), i.e., the lack of an exponential depen-
dence, is consistent with the large chemical shift
established optically for this donor. Ho and Ram-
das'® have been unable to observe optical transi-
tions arising from either 1s(E) or 1s(T,) when
their samples were warmed to the vicinity of room
temperature. If we make the reasonable assump-
tion that these states lie near the EMA binding en-
ergy (as found for the group-V donors), then

A=255-120~135meV.

Since the largest phonon energy for silicon is ~ 60
meV, % the description of T; by an Orbach process
would not be expected to be valid for such a large
chemical shift.

The temperature dependence of T, for (Mg*)* dit-
fers substantially from that of (Mg*: 7,). The for-
mer is in fact very much like that of P% which has
a valley-orbit splitting ~ 10 meV. If the large
change in 7, when Mg" is optically excited is due
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FIG. 5. Spin-lattice relaxation times as a function of
temperature for two Si(Mg® samples, together with the
Si(P) standard, determined from saturation plots. At
55 GHz, resonance occurs near 19500 G. The T, data
for the group-V donors (dashed lines), and their respec-
tive Orbach-activation energies, have been taken from
Ref. 26 (measured at 3300 G).
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to the activation of an Orbach process, then the
valley-orbit splitting of (Mg*)* would be of the or-
der of 10 meV., This value is very much smaller
than that of the Mg" ion occupying the tetrahedral
site.

C. (Mg*)* Lifetime and Decay Characteristics

At sufficiently low temperature, the (Mg*)* state
remains sufficiently populated to be observed for
minutes after the exciting light is turned off. We
measured its decay by repeatedly sweeping through
the EPR absorption in the dark., This method lim-
its the lifetime measurement to times longer than
~10 sec, The low Mg* concentrations do not allow
straight detection (time constant determined by the
30-GHz IF preamplifier) to be used.

The decay of the number of (Mg*)* centers as a
function of time, »* (#), is not exponential as would
be expected for a monomolecular decay process
(where all the Mg" ions decay independently to the
ground state). The decay of (Mg*)* back to (Mg*:
T,) can be well described by a bimolecular or two-
body decay process where

dn*/dt = = An*®

and therefore,

e ()= —120) (6)

1+An*(0)¢

Thus a plot of [#* (0)/n* (f) - 1] versus time should
be linear, of slope An* (0). Such a linearity is dem-
onstrated by Fig. 6. For the temperature range

of Fig, 6, the light-on (Mg*)* signal was the same
at all temperatures (corrected for the 1/7 depen-
dence of the EPR signal), i.e., the optical conver-
sion was complete. The relative slopes of Fig, 6
are then proportional to A only.

The decay data indicate that within experimental
error, A is insensitive to temperaturebelow ~ 14 °K,
Below 10 °K, the data are unreliable because of
microwave saturation effects. The data of Fig. 6
are for those temperatures for which saturation
effects could be avoided with good signal-to-noise
ratio. Above 14 °K, the value of A rapidly in-
creases, with the (Mg*)* lifetime decreasing from
minutes to less than a second in the temperature
interval of roughly 2 °K. In this narrow tempera-
ture range, A(7T) can be fit to

A(T)=A0+Ale(-a'/r), )

where A, is the average slope below 14 °K, With
obviously poor statistics, 6'~50 meV results from
a fit to Eq. (7). Measuring this lifetime over a
wider temperature interval would improve the va-
identified with either appropriate phonons or the
ionization energy of the compensating boron accep-
tors. ¥ Another attractive possibility is that 6’
corresponds to the binding energy of (Mg*)*, whose
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FIG. 6. Decay of the (Mg*)* signal level n*(#) plotted
to show the second-order decay kinetics. Below ~10°K
light affects the value of Ty, and such a measure of »n*(¢)
is unreliable because of the very low microwave powers
that must be used to avoid saturation.

value of | ¥, (0)| 2 and whose temperature dependence
of T have been shown to be quite close to those of
phosphorus (binding energy, 45 meV).

Above 16 °K, it becomes increasingly difficult to
populate (Mg*)* with the ~5 mW of light available
in the cavity, A study of »* as a function of light
intensity!” between 16 and 25 °K supports the sec-
ond-order decay mechanism for (Mg*)*., Near
25°K, only (Mg*: T,) is observed.

The light quanta which convert the Mg" ions are
extrinsic, i.e., the photoionization of Mg* takes
place. Evidence for this conclusion is the follow-
ing: (i) Placing silicon or germanium filters in the
light path does not noticeably affect the bleaching
of (Mg" T,). The unfiltered light must also pass
through up to 1. 5 mm of silicon in the cavity to
reach the Mg*-rich layer for a sample doped on
only one side. (ii) At low temperatures the incan-
descent-lamp voltages used are less than 10% of
maximum power, and thus the bulk of the light
quanta are well below the Si absorption edge (1. 16
eV at 4,2 °K). (iii) A preliminary attempt by Ho
and Ramdas® to bleach (Mg*: T,) with a He-Ne la-
ser (=2 eV) failed. (iv) If intrinsic quanta were
important, one would expect either a bleaching or
an enhancement of the Mg* EPR intensity instead of
a photoconversion of Mg*. The capture of a photo-
electron by Mg* would produce the nonparamagnetic
state Mg®, An increase in the Mg* density would
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instead result from the capture of an electron by
Mg* ions. The photoholes would presumably be
captured by the compensating boron acceptors.
Neither of these possibilities is observed.

Intrinsic effects have been observed in other sys-
tems. In the case of p-type silicon in which elec-
tron-hole pairs are created by band light, the pho-
toelectrons are captured by ionized compensating
group-V donors and their EPR spectrum appears, 3
In the case of $* in silicon, the creation of elec-
tron-hole pairs enhances the S* spectrum® by con-
verting S** to S*. The S* is present because of the
nonuniform sulfur doping,

IV. CONCLUSIONS: MODELS FOR PHOTOCONVERSION
OF Mg*:T,)

The Mg" EPR data have shown that two distinct
donor states are possible. In thermal equilibrium
and in the dark, the Mg" ion occupies the T, inter-
stitial position. This state has previously been
studied optically. '®** Under illumination with
near-infrared light, the equilibrium state at low
temperatures is one where the Mg* ion occupies an
interstitial site which has (111) axial symmetry.
In the dark following illumination, the (Mg*)* state
decays to (Mg*: T,) with second-order kinetics.
This decay rate rapidly increases above 14 °K, We
propose the following model, which although not
unique, is attractive:

(i) The (Mg* T,) ions are extrinsically photo-
ionized to Mg**.

(ii) The resulting Mg** ions can occupy either the
T, or another interstitial site located along (111),
possibly the C,, hexagonal position. Weiser®® has
shown that the occupation probability of an impurity
at either the T, or Cs, interstitial site depends
strongly on its size. The latter site has an avail-
able volume only slightly smaller than the former.
Weiser calculated the occupation probability of lith-
ium, by using an attractive potential due to the po-
larization induced in the neighboring Si atoms and
a repulsive potential arising from the overlap of
Li and Si core electrons, Contrary to what has
since been observed experimentally™® for Li°,
Weiser predicted C;, to be the preferred position.,
None of the interstitial donors studied in silicon
has been found to prefer the Cs, site. We specu-
late that Mg** has a “critical” ionic radius such
that once formed, it can occupy either interstitial
site.

(iii) The Mg"* ions are distributed between the
T, and C,, lattice sites during illumination. The
photoionized electrons can be recaptured at either
(Mg**: T,) or (Mg"*:C,,). Mg formed at the latter
site is (Mg*)*, which is shallow in comparison to
the reformed (Mg": T;). The shallow nature of
(Mg*)* is supported by its phosphoruslike EPR
description. With extrinsic quanta limited to the
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range 0.5<hv<1.2 eV by the quartz light pipe and
the silicon filter, (Mg*)* will be much less effec-
tively photoionized than (Mg*: T,;) since the extrinsic
photoionization cross section is a rapidly decreas-
ing function of the photon energy above the thresh-
old. 3 Thus, at low temperatures under illumina-
tion, the (Mg*)* state is long lived in comparison
to (Mg*: T,;) and the photoconversion is complete.

(iv) During illumination and immediately after
the light is turned off, (Mg": T,) has been converted
to (Mg*)*. The long lifetime of (Mg®*)* in the dark
implies that the potential barrier separating the
two sites is large and the recovery of (Mg*: T,) by
tunneling is improbable. Because of the fact that
the (Mg')* decay is not monomolecular, we con-
clude that tunneling is not an important process for
T>10°K. Since (Mg")* is shallow it may be ther-
mally ionized; at a given time there will be » free
electrons and an equal number of Mg* ions, which
on the basis of step (ii) redistribute themselves
among the T, and C;, sites. The probability of re-
capture by the Mg** ions would then be proportional
to #%, satisfying the bimolecular decay kinetics ob-
served for (Mg*)*. The reformation of (Mg*: T,)
would be permanent in the dark since this state is
deep. In this model, the activation energy 6’ of
Eq. (7) would correspond to the binding energy of
(Mg')*. The 50 MeV assignment of 6’ is consis-
tent with the phosphoruslike value of | $,(0)12 for
(Mg")*. The insensitivity to temperature below
14 °K of the (Mg*)* lifetime may be due to the in-
creasing importance of a competing process. Mo~
nomolecular decay kinetics to be expected for a
tunneling process cannot be checked with the pres-
ent experiments because of microwave saturation
effects below 10 °K,

All of the EPR data on (Mg*)* can be explained
by an ionic-motion model, although not in a unique
way. There is another possibility that arises on
account of the inhomogeneous Mg* distribution.
Since the effective Mg* density is nearly an order
of magnitude lower than the compensating boron
density, the presence of Mg** in the interior portion
of our samples is certain; the Mg* valence state is
confined to near the surface. These Mg'" ions,
present in thermal equilibrium and in the dark,
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could provide a different mechanism for the photo-
conversion of Mg*, In this model, the {(111) axial
symmetry would not arise from a motion of the
isolated Mg** ions created by light, but rather
from an association of the original Mg** ions with
another defect. A capture by these Mg** ions of the
electrons ionized from Mg* would satisfy all of the
EPR evidence obtained for (Mg*)*. Just as in the
case of the ionic-motion model, the recovery of
(Mg*: T,) would have to proceed by thermal ioniza-
tion to explain the second-order kinetics. No ad-
ditional hyperfine lines have been observed with
(Mg*)*. Such spectral features would identify the
associating defect., The absence of additional hfs
could be explained by either a small value of |9,(T,)?
at the substitutional site occupied by the defect, or
by the defect having a zero nuclear spin, as for
example Mg** associated with either oxygen®” or a
lattice vacancy.

Since (Mg*: 7,),and Mg** occupy different portions
of the samples, the creation of (Mg")* would pro-
ceed by the diffusion of the electrons photoionized
from (Mg*: T,), into the Mg*’-rich region. Because
of space-charge effects, the buildup of (Mg*)*
would be slow in comparison to the ionic motion
mechanism,

Both of these mechanisms may coexist. In order
to gauge their relative importance, it would be in-
teresting to study the (Mg")* formation kinetics
with an applied electric field. If the association
mechanism is dominant, the creation and decay
time of (Mg*)* would be expected to be a strong
function of the electric field strength and polarity.
An equally important experiment would be the study
of (Mg®)* optically to determine its binding energy.
If the conclusions reached from the EPR data are
correct, its binding energy should be close to 50
meV, i.e., near that of the group-V donors.
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Using the theory and the analytical results of Kartheuser, Evrard, and Devreese (KED), we
have calculated numerically the two-phonon sideband in the optical absorption coefficient of

free polarons. Therefore, integrals of the type

If f(dT(/EZ)f f f(dl’{'/f{'%l?’” cos¥ 97k cog?t 95((E+E')2~62)e"‘§2' "Elz,

as obtained by KED, are treated analytically and reduced to a finite sum of single integrals
for integer ¢ and >0, for all real x, y >0 and for any real €. Our numerical results, com-
bined with the zero-phonon line and the one-phonon sideband obtained by KED, confirm the
mechanism for the absorption of light by free polarons proposed by KED.

1. INTRODUCTION

Kartheuser, Evrard, and Devreese! (KED)
treated the optical absorption coefficient of free
Frohlich polarons in the Landau—Pekar approxi-
mation, which is essentially valid for strong cou-
pling.

The physical picture emerging from Ref. 1 is
the following: At strong coupling there is an in-
tense sharp peak in the optical absorption due to a
transition from the polaron ground state to the
first relaxed excited polaron state (RES). This
zero-phonon peak is accompanied by sidebands due
to the emission of 1, 2, 3, ..., n, ... free phonons
along with the absorption process.

KED gave the general expressions for the ab-
sorption coefficient in the Landau-Pekar approxi-

mation and calculated explicitly the one-phonon
sideband, the low-frequency part of the two-pho-
non sideband, and the zero-phonon peak in the one-
phonon approximation, 1+

The purpose of KED’s work was to show the role
of relaxed excited polaron states in the optical ab-
sorption process.® Until now no numerical cal-
culation of the complete two-phonon sideband has
been published. It is the purpose of the present
paper to provide such a calculation using the ex-
pressions derived by KED.

Our calculation not only adds information about
the polaron absorption spectrum; it also contrib-
utes to clarify the problem, especially in the cou-
pling region where one- and two-phonon processes
occur while processes with three and more phonons
are unimportant (55 o<7). Furthermore, it gives



