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The effects of hydrostatic pressure on the electron thermal emission rates and capture cross sec-
tions of three deep electronic levels in phosphorus-doped silicon were investigated. Included were
the E, —0.44 eV acceptor associated with the phosphorus-vacancy pair defect (or Si E center), the
E_.—0.23 eV acceptor associated with the 2 —/— charge state of the divacancy, and a level of un-
certain origin at E, —0.40 eV. The results allow determination of the shift of the energies of these
levels with pressure and of the breathing-mode lattice relaxations which accompany electron emis-
sion and capture by these levels. This is the first determination of these properties. For the
phosphorus-vacancy acceptor, pressure shifts the level deeper into the band gap, and an outward
(inward) volume relaxation accompanies electron emission (capture). These results can be qualita-
tively understood in terms of the accepted model for this defect and the bondinglike nature of its
level. Qualitatively similar results are obtained for the E. —0.40 eV level, but opposite effects are
seen for the divacancy level. Specifically, with pressure, this latter level moves higher in the band
gap, and the lattice relaxes inward (outward) on electron emission (capture). These results can also
be understood in terms of the accepted model for the defect and the antibondinglike nature of its
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level.

I. INTRODUCTION

The vacancy and vacancy-related defects in silicon (Si)
are among the most important and fundamental defects
in covalent semiconductors. Knowledge of their proper-
ties is basic to the understanding of many electronic phe-
nomena, defect interactions, diffusion, annealing, and
substitutional impurities in Si.! These defects are gen-
erally introduced during growth and advanced mi-
croelectronic fabrication which involves such steps as ion
implantation, plasma etching, and energetic beam litho-
graphies; however, their controlled introduction and
study most often rely on the use of irradiation by elec-
trons, photons, or neutrons.

One very important manifestation of these defects is
the deep electronic levels they introduce into the band
gap. These levels act as carrier traps and recombination
centers and strongly influence the electronic properties.
Although research on these defects and associated energy
levels has been an active area for over 30 years, our
knowledge of the subject is incomplete, and some of the
more recent research’ ¢ points to the complexity of some
of the phenomena involved.

We have been investigating the effects of hydrostatic
pressure on impurity and defect levels in Si and other
semiconductors.”~® The work is motivated by the expec-
tation that pressure results can lead to a better under-
standing of the physics of such levels. In particular, pres-
sure modifies deep-level potentials and makes it possible
to test proposed models and/or aid in the identification of
the microscopic defects responsible for the deep levels.
Additionally, pressure results contain information on the
breathing-mode lattice relaxation associated with both
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the formation of defects and with the emission and cap-
ture of carriers at deep levels.

In the present paper we report and discuss the effects
of pressure on the properties of three deep levels in phos-
phorus (P) -doped Si. Two of these levels are associated
with vacancy-related defects: the phosphoros-vacancy
(P-V) pair defect, or Si E center, and the Si divacancy (V-
V). The third level, whose signature in deep-level tran-
sient spectroscopy (DLTS) data is partially hidden on the
low-temperature side of the P-¥ pair peak, may be one of
the configurations of the newly recognized® > multistable
defect in P-doped Si.

The P-V pair defect has long been recognized as the
dominant observable defect produced by high-energy
electron or photon irradiation of P-doped float-zone Si.
It produces an acceptor deep level located 0.44 eV below
the conduction-band edge, E_, i.e., at E.—0.44. (Unless
otherwise specified, all energies in this paper are in units
of €V.) Early EPR studies by Watkins and Corbett!°
showed that this defect is formed by the trapping of a
mobile lattice vacancy next to a substitutional P impurity
atom. The defect also has what had been thought to be a
well-recognized spectrum in DLTS. However, recent
DLTS studies have revealed unexpected behavior under
minority carrier injection’ and shown®* that this spec-
trum hides under it another peak which is now believed
to be associated with a substitutional
phosphorus—interstitial-carbon (P-C;) pair defect® and
which displays a number of metastable configurations.
There is still some uncertainty and disagreement about
the properties of this defect,’ > but its discovery has em-
phasized the important role of carbon, when present, in
the defect structure and kinetics of irradiated n-type sil-
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icon. The third level in our present data at ~(E,—0.40)
may be associated with one of the configurations of this
defect.

The divacancy is an intrinsic defect in Si produced by
high-energy particle irradiation and consists of two va-
cant nearest-neighbor lattice sites each surrounded by
three occupied lattice sites.!! It introduces three deep
levels in the band gap, with four possible charge states
acting either as a single donor or as a double acceptor.
Although the defect has been studied extensively by a
wide variety of techniques,!? uncertainties remain about
the identification and positions of its energy levels, partic-
ularly the acceptor levels. On the basis of defect intro-
duction rates and annealing studies, the two electron
traps seen in deep-level transient spectroscopy studies at
E.—0.23 and ~(E,—0.41) have been attributed to
different charge states of the same defect, and it has been
further suggested'® that this defect is the divacancy, the
two levels corresponding to the 2— /— and — /0 charge
states, respectively. The E.—0.23 level was well resolved
in the present study, but the E,—0.41 level was hidden
under the P-V pair peak.

In what follows we summarize the experimental details
in Sec. 11, and this is followed by presentation and discus-
sion of the results in Sec. III. Section IV provides some
concluding remarks.

II. EXPERIMENTAL DETAILS
AND DATA ANALYSIS

The deep levels examined in the present work were
studied by transient capacitance!* and DLTS (Ref. 15)
techniques, the measurements being done in the depletion
region of reverse-biased p*t/n junction diodes. The
diodes were cut from Si solar cells in which the n region
was P-doped (5X 105 cm™3), flat-zone Si, and the p re-
gion was doped with boron at ~5X10'® cm™3. The de-
fects were introduced by y irradiation (**Co source) of
the diodes at room temperature to a total dose of
(1-2)X 10® rads. After irradiation the diodes were stored
at room temperature for many weeks before the measure-
ments were made.

Capacitance transients and DLTS spectra were mea-
sured as functions of temperature and pressure. The
measurements were performed at reverse biases of 2 and
4 V and yielded the electron thermal emission rates (e, ),
emission energies, and their pressure dependences. The
effects of electric field in the depletion region on these
properties were negligible for our present purposes over
this range of bias voltages. The pressure dependence of
the electron capture cross section was determined from
the variation of the initial capacitance amplitude after re-
verse bias and from the variation of the amplitude of the
DLTS peak as functions of the length of the trap-filling
pulse.” !5

All temperature and pressure measurements were
made with the sample mounted inside a 10-kbar pressure
cell which was in turn mounted in a conventional low-
temperature Dewar. The temperature could be either
varied between 77 and ~ 350 K at different rates or accu-
rately controlled at a fixed T (to better than 0.1 K) over
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the available pressure range. Helium was the pressuriz-
ing medium, and the pressure was measured to better
than 1% by a calibrated manganin gauge. Temperature
was measured using Cu-Constantan thermocouples.

The primary data generated in the present work are
the electron thermal emission rates (e, ) and capture cross
sections (o, ) and their pressure and temperature depen-
dences. The data are analyzed and interpreted in terms
of the detailed balance result

e,=0,{v, )N .exp(—AG /kT)
=0,{v, YN .exp(AS /k)exp(—AH /kT) (1)

following procedures discussed earlier.””® In Eq. (1) (v, )
is the average electron thermal velocity, and N, is the
effective density of states in the conduction band. The
product (v, )N, is proportional to m}*T?, where m} is
the electron effective mass. The pressure dependence of
m}* is negligibly small.””® AG is the change in Gibbs free
energy which accompanies the emission of the electron
from the deep level. It can be expressed in terms of the
enthalpy (AH) and total entropy (AS) changes accom-
panying electron emission, since AG =AH—TAS. As
will be shown later, for the deep levels of interest in this
work, o, is found to be independent of pressure (P), and
thus to a good approximation Eq. (1) yields®

(31ne, /3P),= —(kT) "(dAG /3P) . )

It is thus seen that measurements of e, versus P at con-
stant T yield AG (P) whereas measurements of e, versus
T at constant P plotted as In(e,772) versus T ! at
different pressures yield AH (P). Knowing both AG (P)
and 8AH (P) fixes AS(P). Finally, it can be easily shown
that

(3AG, /dP)=AV, 3)

where, in the absence of a barrier to electron capture (as
is the case for the present levels), the thermodynamic
volume change AV, can be interpreted as the volume
change, or breathing-mode relaxation, of the defect
which accompanies electron emission. In using Eq. (3),
the experimentally determined (dAG /dP)r needs to be
corrected for the pressure dependence of AG of the band
gap,'® and, to emphasize this point, we designate the
corrected quantity in Eq. (3) by the subscript n.

III. RESULTS AND DISCUSSION

A. DLTS spectral features

The solid lines in Fig. 1 show a typical atmospheric
pressure (1 bar) DLTS spectrum due to majority carrier
traps for the samples used in the present study. The spec-
trum is in many respects similar to what has been report-
ed earlier’™* and reveals several deep levels whose ener-
gies below the conduction-band edge (E.) are indicated.
The E,. —0.17 level is associated with the oxygen-vacancy
pair (or Si A center) acceptor. It will not be discussed
further in the present paper because the pressure depen-
dence of its properties was reported earlier.® The
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FIG. 1. DLTS spectrum of a phosphorus-doped, float-zone-
grown silicon after y irradiation (rate window is 2560 s™'). The
effect of pressure on some of the peaks is indicated.

E_.—0.23 peak is believed to correspond to the 2—/—
charge state of the divacancy acceptor level. As we shall
see, annealing studies and the pressure results are con-
sistent with this assignment. Finally, the spectrum la-
beled (E,—0.44)+ (represented by the solid line, and
where the + symbol indicates that the spectrum is asso-
ciated with more than one defect) is the signature which
has long been associated with the P-V (or Si E center) ac-
ceptor. However, there is a very noticeable asymmetry
on the low-temperature side of this spectrum as indicated
by the dotted line in Fig. 1. Subtracting this asymmetry
reveals the small peak centered at 230 K (solid line)
whose corresponding level (uncorrected for possible cap-
ture barrier) is at ~(E,—0.40). We shall return to this
feature shortly.

The (E,—0.44)+ spectrum also hides under it the
small peak centered at 260 K (dot-dashed curve) and as-
sociated with a level at ~(E,—0.41). We deduced this
peak from annealing studies. After annealing the samples
under reverse bias (-6 V) at 383 K for 30 min, the only
features of the spectrum that remained are the E, —0.17
Si A4 center peak, the E,—0.23 peak, and this E.—0.41
peak. The intensity of this latter peak is as shown in Fig.
1 and is a little higher than that of the E,—0.23 peak.
The occurrence of the E,—0.23 and E_.—0.41 peaks to-
gether after annealing allows their identification, follow-
ing earlier results,'’ as the two acceptor levels of the Si
divacancy, the first being associated with the 2—/—
charge state and the second with the — /0 charge state.

Returning to the E,—0.40 peak in Fig. 1, we believe
that this feature may be related to one of the
configurations of the newly recognized® ™3 multistable de-
fect in P-doped Si which is now believed® to be the P-C;
pair defect. This latter defect was revealed in DLTS
scans after the sample had been annealed at constant
temperature for 5 to 10 min under minority carrier (hole)
injection.>~® Earlier isothermal minority carrier injec-
tion studies by Barnes and Samara® produced decreases
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in the intensity of the Si E center spectrum which were
thought to result from recombination-enhanced anneal-
ing of this center. However, more detailed later studies
revealed the presence of this new defect. In the work of
Song et al.® one signature of the defect after hole injec-
tion annealing was a decrease in the intensity of the
(E,—0.44)+ peak and an asymmetry and weak shoulder
on the low-temperature side of this peak. Subtracting the
spectrum after annealing from that before annealing re-
vealed two peaks with E.—0.44 and E_—0.34 (un-
corrected for possible capture barriers) which were taken
to be two configurations of the new defect. Chantre
et al.* demonstrated the existence of the new defect by
similar spectral subtraction. Their DLTS spectrum after
hole injection annealing was somewhat different from
that of Song et al.> and after subtraction it revealed a
new peak with E, —0.30 which is now believed to be one
of the configurations of the P-C; defect.’

The relative intensity and location in temperature of
the E,—0.40 peak in Fig. 1 (obtained without minority
carrier injection) resemble those of the E, —0.34 peak in
the work of Song et al;* however, obviously the energies
of the two peaks differ considerably. We assign a rela-
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FIG. 2. The effect of minority carrier (hole) injection (0.5
A/cm? for 10 min at 250 K) on the DLTS spectrum in the vicin-
ity of phosphorus-vacancy peak (see text for details). (Rate win-
dow is 1280 s!.) No further changes were observed by injec-
tion at higher current densities and for longer times. The spec-
tra are resolved into their various components.



39 PRESSURE DEPENDENCE OF DEEP ELECTRONIC LEVELS IN . . .

tively large uncertainty (£0.03 eV) to the E.—0.40 level
in our data to reflect the maximum possible uncertainty
associated with the spectral subtraction used to reveal it.
To pursue the nature of this level further, we have exam-
ined the effects of forward bias annealing on the intensity
and shape of the DLTS spectrum. Some of the results are
shown in Fig. 2. Curve a is the spectrum before anneal-
ing and curve b is the spectrum after annealing for 10
min at 250 K and 0.5 A/cm? constant forward current.
Repeating this anneal for an additional 20 min under the
same conditions and then for 20 more minutes at 250 K
and 1.5 A/cm? did not yield any change in curve b.
Comparing curves a and b shows a decrease in the ampli-
tude and an increase in the low-temperature asymmetry
of the spectrum, changes qualitatively similar to, but less
in magnitude than, those reported by Song et al.> and
Chantre et al.*® The differences in magnitude between
the results undoubtedly reflect differences in the concen-
tration of the new defect.

Curves ¢ and d in Fig. 2 are obtained from curves a
and b, respectively, by subtracting the asymmetry at the
low-temperature side of the spectra. Although peak d
appears at a slightly lower temperature (1-2 K) than
peak ¢, the characteristics of the two peaks are similar
(and comparable to the E.—0.34 peak reported by Song
et al.’), and both appear to correspond to the same de-
fect with a level at E, —0.40%+0.03. The defect may be
one of the configurations of the P-C; pair defect. Howev-
er, one puzzle is the relatively large difference in the ener-
gy of our level compared to that of Song et al. Clearly
more work is needed to resolve the difference.

The results in Fig. 2 also show that subtracting the
symmetric part of curve b from that of curve a reveals
peak e which occurs at the same temperature and corre-
sponds to the same level energy, E,—0.44, as the P-V
pair. This feature has been observed by Song et al.® and
is thought to correspond to another of the configurations
of the P-C; defect. Finally, it is noted, as is evident from
the above discussion, that, for our samples, the bulk of
the intensity under the (E,—0.44)+ spectrum in Fig. 1
is associated with the E, —0.44 P-V pair level.

In what follows in this paper we present and discuss
the effects of pressure on the following three levels: the
P-V pair level at E.—0.44, the new level at E,—0.40,
and the divacancy level at E,—0.23. Similar studies of
the various multistable configurations of the new P-C,;
pair defect will be the subject of a future investigation.

B. Electron thermal emission rates and energies

1. E. —0.44 P-V acceptor

The electron thermal emission rate from the P-V pair
acceptor decreases with pressure. This decrease can be
deducted from the pressure shift of the DLTS spectrum
(e.g., Fig. 1) and from capacitance transients measured as
a function of time after the application of reverse bias.
Figure 3 shows normalized transient data at 260 K and
different pressures displayed on a semilogarithmic plot.
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FIG. 3. Normalized capacitance transients for electron emis-
sion from the phosphorus-vacancy acceptor level in silicon mea-
sured ‘at different pressures. The slope of each line yields the
thermal emission rate which is seen to be strongly pressure
dependent.

The exponential decay of the capacitance is clearly evi-
dent. The slope of each straight line in the figure yields
e, at 260 K and the indicated pressure. Figure 4 shows
that e, decreases logarithmically with pressure as ob-
served earlier for other deep levels.”® The slope
[(lne, /0P)r] decreased monotonically in magnitude
from —(8.240.5)%kbar™! at 220 K to —(6.8
+0.5)% kbar ! at 280 K.

The decrease of e, with pressure is also reflected in
constant-pressure Arrhenius plots of log,y(e, /T?) versus
T~!. Two such plots are shown in Fig. 5. The slopes of
these plots yield the activation enthalpy, AH (=E,—E,
where Er is the deep level, or trap, energy below E.) of
the emission process. AH increases with pressure from
445 meV at 1 bar to 458 meV at 8 kbar. Figure 6 con-
trasts the pressure shift of the P-V acceptor level with
that of the silicon band gap E,, and also with the shift of
the E, —0.23 deep level to be discussed below. The slope
for the P-V level is 1.4+0.4 meV kbar !, which implies
that this level moves away from E, at a rate of 1.4
meV kbar "', The shift of the gap is'®!” dE, /dP=—1.5
meV kbar~!. Combining these two results shows that E T
moves closer to E, (the valence-band edge), and therefore
deeper into the gap, at a rate of 2.9 meV kbar ™ ..

The P-V acceptor is thus not pinned to either E, or E,,.
This is what we expect for a deep level.” The fact that the
level moves deeper in the gap reflects its more stable



12 768

10° T T T —T

P-doped Si

ipie = <

- = 200k

(Ec-0.44)eV P.V PAIR

—-— (Ec-0.23)eV DIVACANCY

--=- (Ec-0.40)eV
i i

{ i
o 2 a4 6 8 10
PRESSURE (kbar)
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FIG. 5. Temperature dependence of the electron thermal
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phosphorus-doped, float-zone Si.
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FIG. 6. Pressure dependences of the activation energies
E.—Ej (or AH), for the phosphorus-vacancy E, —0.44, and di-
vacancy, E, —0.23, acceptors in Si. The shift of the Si band gap
is shown for comparison. The inset indicates that with pressure
the 0.44-eV level moves deeper in the gap, whereas the 0.23-eV
level moves higher.

bonding character at high pressure, as will be discussed
later.

2. E.—0.23 V-V acceptor

Unlike the behavior of the P-V acceptor, e, for the
E_.—0.23 divacancy level increases with increasing pres-
sure at constant 7" as can be seen from the results in Figs.
4 and 5. The slope (3 1ne, /0P); decreases in magnitude
from 10.4% kbar ! at 125 K to 8.3% kbar ™' at 160 K.
The activation enthalpy, AH (=E,—E), deduced from
Arrhenius plots such as those in Fig. 5, decreases at a
rate of —1.240.3 meV kbar ! as shown in Fig. 6. This
shift, which is comparable to the shift of the gap, implies
that E; moves closer to E, at a rate of 1.2 meV kbar .

3. E_.—0.40 acceptor

The pressure dependence of this level is qualitatively
similar to that of the P-V acceptor but is opposite to that
of the E.—0.23 V-V level. Some of the results on the
E_.—0.40 level are shown in Figs. 1, 4, and 5. Because of
uncertainties associated with the spectral subtraction
used to deduce the DLTS peaks for this level (see discus-
sion above), there is more scatter in the e,(7) data for
this level than for the other two levels in Fig. 5. The
slope in Fig. 5 yields AH =400%£30 meV at 1 bar. Be-
cause of this relatively large uncertainty in AH, it was not
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possible to determine the pressure dependence of AH
with certainty. However, we believe that AH increases
with pressure as in the case of the P-V acceptor. It is cer-
tainly clear from Fig. 4 that e, for the E.—0.40 level de-
creases with pressure. Results at two temperatures are
shown in Fig. 4 where the slope (dlne,/dP);
=—(10.3£1.0)%  kbar™! at 200 K and
—(9.8+1.0)% kbar ™! at 250 K. Use of these slopes in
Eq. (2) yields (3AG /dP);=1.8+0.2 meV kbar ! at 200
K and 1.740.2 meV kbar ™! at 250 K. These results al-
most certainly imply that AH also increases with pres-
sure, and the E, —0.40 level thus falls deeper in the gap.

C. Electron capture rates and cross sections

As is true for several other deep electronic traps in Si,
the electron capture rates (7,) of the E.—0.44 P-V and
E.—0.23 V-V levels do not exhibit any significant tem-
perature or pressure dependences. These results lead to
the conclusion® that the associated capture cross sections
(0, ) are also essentially independent of temperature and
pressure. Some of the results follow.

Figure 7 shows a plot of log,,[1—AC(0,8)/
AC(0,— )] versus 8 at different pressures and tempera-
tures for the P-V acceptor. In this representation AC(0)
is the initial (i.e., # =0) amplitude of the capacitance tran-
sient after reverse bias, and & is the trap-filling pulse
width. Such a plot yields, over a range of 5, a straight
line whose slope’ is —7, which is related to o, by
7,=n{v,)0,. The results in Fig. 7 yield 7, =8X10°
s~ 1. From this value of 7, and the known values of n
(=5%10") cm™3 and (v,) (=1.8X10” cms™' at 260
K) we obtain o, =~1X 107 !¢ cm?.
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FIG. 7. Normalized initial capacitance amplitude after re-
verse bias as a function of filling pulse width & for the E, —0.44
P-V acceptor level in Si. The different symbols represent data at
0, 4, and 8 kbar and at 260 and 270 K at these pressures.
Within the scatter of the data there are no discernible pressure
or temperature effects.
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Within the scatter of the data, the slope (or 7,) in Fig.
7 is independent of temperature and pressure. Since
(v,) « T'?—a weak T dependence, the temperature in-
dependence of 7, implies that o, is also very weakly T
dependent. Similarly, since the pressure dependence of
the free-carrier density, n, at the temperatures of interest
is very small, and (v, ) is expected to be very weakly
pressure dependent,”® the results in Fig. 7 indicate that
o, is essentially independent of pressure, i.e.,
(d1no, /3P ) =0.

Figure 8 shows similar results for the E.—0.23 V-V
deep level. In this case the data were obtained from the
variation of the DLTS peak amplitude (N) with §. Data
below 6=0.6 us have a slope (=—7,) equal to
—1.0X107¢ s~ ! which, with {(v,)=1.44X10® cms™},
yields 0,=1.4X 107" cm? For 8> 5 us there is a long
linear region with slope 7,=8.5X10* s~ !, and
0,=1.2X107"® cm? For both regions the slopes are in-
dependent of pressure, which, on the basis of the argu-
ments advanced above, implies that o, for this level is
also independent of pressure.

Because the signature of the E,—0.40 level is mixed
with that of the P-¥V level, we did not attempt to measure
o, for the former level. By analogy with many other
deep levels in Si studied in this work and else-
where,” 8161819 we suspect that this o, may also be ap-
proximately independent of both temperature (7)) and
pressure (P). This lack of any appreciable T and P
dependence for all of these levels is not fully understood,
but it has been argued that these features can be under-
stood in terms of electron capture by multiphonon emis-
sion (MPE).” The temperature independence of o, is a
natural consequence of the MPE theory in the low-T re-
gime, whereas the pressure independence is most likely
due to cancelling small pressure effects among the various
parameters determining o,.” The fact that o, is approx-
imately independent of T and P makes interpretation of

T T T T T E

% P-doped Si

(Ec-0.23)eV

~2
<
LoSa

sl

A 1 bar
O 6 kbar

0.01 . I . 1 . L

8 (ps)

FIG. 8. Normalized DLTS peak amplitude as a function of
filling pulse width & for the E.—0.23 divacancy acceptor in Si
at 160 K and two pressures.
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the e, (T, P) data in terms of changes in AG and AH more
straightforward.

D. Lattice relaxation accompanying
electron emission and capture

As mentioned in Sec. IT and discussed elsewhere,”% 1

in the absence of significant pressure and temperature
dependence of o, the isothermal pressure dependence of
e, yields directly [via Egs. (2) and (3)] the breathing-mode
volume relaxation, AV, , accompanying electron emission
or capture. In this section we evaluate and discuss this
relaxation for the three deep levels of interest.

1. The E,—0.44 P-V acceptor

Figure 9 shows AV, versus T for the P-V acceptor.
Within the accuracy of the data AV, is independent of T'
over the limited T range covered. Two bounds for AV,
are shown in the figure: a lower bound represented by
the data points and an upper bound represented by the
dashed line. The reason for the two bounds has been dis-
cussed earlier,'® and is briefly as follows. For the Si E
center, electron emission is measured from the deep level
E to the conduction-band edge, E., so that E_ is the
reference energy state relative to which the change in
AG, between the two different charge states of the level is
measured. However, since the energy gap of Si changes
with pressure, 3AG,,,/dP =—1.5 meV/kbar,>!7 the
reference energy level, E_, is not fixed, and its change
contributes to the measured pressure dependence of e,,
and thereby AG,. It is necessary to account for this con-
tribution in order to determine the intrinsic pressure
effect (0AG, /3P) associated with the emission process.
Unfortunately, it is not definitively established how much

T T 1

Si: P-V PAIR
(E CENTER)

AVp, (A%EMITTED ELECTRON)

240 250 260 270
TEMPERATURE (K)

FIG. 9. Breathing-mode volume relaxation accompanying
electron emission from the P-V acceptor in Si. The upper and
lower bounds are discussed in the text. The dotted line
represents the relaxation determined independently from an-
nealing measurements (see text).
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of the known shift of the Si gap is taken up by the motion
of E, and how much by the motion of E,, thus, the two
bounds in Fig. 9. The lower (upper) bound corresponds
to the case where all of the shift of the gap is taken up by
a shift in E, (E,) with E, (E,) remaining fixed.'®

The results in Fig. 9 show that AV, is positive imply-
ing that the lattice relaxes outward (i.e., expands) upon
electron emission from the P-V acceptor level. We expect
that an inward relaxation of the same magnitude would
occur on electron capture. The sign of the relaxation can
be qualitatively understood in terms of the physical mod-
el for the P-V center, as will be discussed below.

The magnitude of AV, can be put in the proper per-
spective. The average of the two bounds in Fig. 9 is
AV,=3.8 Al per emitted electron. In Si, the near-
nelghbor Si—Si bond length r =2.35 A, which we take
to be also about the average distance between the vacan-
cy of the P-V pa1r defect and its four nearest neighbors
(see Fig. 10). A sphere of radius_r=2.35 A around the
vacancy has a volume V;=54.3 A. If to a first approxi-
mation all of the relaxation is taken up by the nearest-
neighbor shell of atoms, then AV, /V, is +7.0%. This
corresponds to Ar /ry=2.3%, or an increase in r of 0.055
A. This means that on electron emission the near-
neighbor Si atoms relax outward by ~0.05 A, which is
quite substantial.

Our assumption that all of the relaxation is taken up by
the first shell of Si atoms cannot be strictly correct; how-
ever, as discussed elsewhere,® !¢ it is not a bad approxima-

tion. We estimate that this assumption may lead to
()] (ii)
(e) (a") a-d
(a’) a+d
(a) —H— (@) ¢
C3V clh
FIG. 10. Top: Model for the Jahn-Teller-distorted

phosphorus-vacancy pair defect in Si. Bottom: Simplified
molecular-orbital model of the electronic structure of the neu-
tral defect, (P-¥)°, before (i) and after (ii) the Jahn-Teller distor-
tion. In (ii) the linear combination of one-electron orbitals
which form the various molecular orbitals are given. A cap-
tured electron (dashed arrow) goes into the bondinglike a orbit-
al. (After Watkins and Corbett, Ref. 10.)
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~30% over estimate in the magnitude of Ar. Addition-
ally, we have assumed that the breathing relaxation is
symmetrical around the Si vacancy. This is, of course,
not strictly correct since there is a Jahn-Teller distortion
associated with the formation of the P-V center.!”
Despite these reservations, we believe that our above esti-
mate correctly establishes the magnitude of Ar. Of
course, the quantity directly evaluated from the experi-
mental data is the volume relaxation, AV, and this eval-
uation represents the first determination of both the sign
and magnitude of this relaxation for the P-V center.

Possible confirmation of the above sign and magnitude
of AV, for the P-V center may have come from a com-
pletely independent method. Barnes and Samara? have
investigated the hydrostatic pressure dependence of the
annealing kinetics of the P-V center in its neutral (P-V)°
and negatively charged (P-V) states. The activation
volumes associated w1th the defect annealmg were found
to be AV=—10.0 A’/defect for (P-V)° and —5.2
A3/defect for (P-V)~. These AV’s represent the total
volume changes associated with the annealing process
which involve break-up of the defect and motion of the
vacancy in addition to the annihilation of the defect. If it
is assumed as a first approximation that these latter
effects are comparable for the two charge states of the P-
V center,?! then the dlﬁ'erence in the AV’s between (P-¥)°
and (P-¥)", namely 4.8 A?, should, to a good approxima-
tion, correspond to the volume relaxation associated with
the capture of an electron by the P-V center. The sign of
the effect implies inward relaxation of ~4.8 A® on elec-
tron capture and outward relaxation of the same amount
on subsequent emission. This conclusion is in accord
with the present results in Fig. 9. The result from the an-
nealing study is depicted by the dotted line in Fig. 9, and
it is close to the upper bound on AV, determined from
the present study. Although we recognize that the above
interpretation of the annealing data is based on a strong
assumption which at present cannot be tested, it is felt
thta the close agreement between the AV,,’s is not fortui-
tous.

2. The E.—0.23 divacancy and E. — 0.40 levels

Figure 11 shows the AV, results for the E, —0.23 and
E.—0.40 levels. Again, we show two bounds for the
AV,’s which are essentially independent of 7. The aver-
age of the two bounds in each case is AV, =—0.6 A’
(emitted electron) for the E.—0.23 level and +4.3
A3/(emitted electron) for the E —0.40 level. The latter
AV, is of the same sign and magnitude as that for the P-
V center discussed above. These results imply a small in-
ward (outward) relaxation on electron emission (capture)
for the E, —0.23 level and a relatively large outward (in-
ward) relaxation on electron emission (capture) for the
E_,—0.40 level.

Because of the highly asymmetric nature of the diva-
cancy, it would be difficult to interpret the above AV, of
the E,—0.23 in terms of changes in near-neighbor dis-
tances. We thus restrict our considerations to the sign
and magnitude of the total breathing-mode volume relax-
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FIG. 11. Breathing-mode volume relaxations accompanying
electron emission from the E.—0.23 divacancy and E.—0.40
levels in Si. The upper and lower bounds for each level are dis-
cussed in the text.

ation, AV,. As discussed below, the sign of AV is con-
sistent with the accepted model for the divacancy. As for
the E,—0.40 level, it was speculated above that the level
may be associated with one of the configurations of the
P-C,; pair defect; however, this assignment is by no means
certain. The positive sign of AV, on electron emission
for this level is indicative of bondinglike character. On
electron capture, the Si near neighbors relax inward to
strengthen their bonds to the defect. On electron emis-
sion, the opposite effect (outward relaxation) can be ex-
pected, as observed. The pressure results also suggest
that with increasing pressure the level falls deeper into
the band gap, which is also expected for a bondinglike
level.

E. Model for the P-V pair defect

The present pressure results are consistent with and
support the generally accepted model for the P-¥ pair or
Si E center. This model'® is based on EPR data and, as
already noted, leads to the conclusion that the P-V center
consists of a substitutional P and a Si vacancy. Accord-
ing to Watkins and Corbett,'” one can picture the forma-
tion of this center as depicted schematically in Fig. 10.

Starting with a Si vacancy (V), there are four broken
bonds around V, one each for the four atoms surrounding
it; i.e., for the isolated V there are four degenerate one-
electron orbitals associated with the four nearest-
neighbor Si dangling bonds. Replacing atom ¢ by a P is
equivalent to adding an extra positive charge at this site.
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This partially removes the degeneracy, and orbital ¢ is
lowered in energy by an amount equivalent to the
Coulomb energy.

In the neutral charge state five electrons are accommo-
dated in these orbitals: two electrons are paired in the ¢
orbital, and the remaining three electrons are in the a, b,
and d sets of orbitals. Because of the degeneracy associat-
ed with the partially filled a, b, and d orbitals, a spontane-
ous Jahn-Teller distortion sets in to remove the degenera-
cy. Two of the Si atoms, a and d in the figure, pull to-
gether to form an electron-pair bond, and the remaining
unpaired electron is primarily located in a dangling bond
orbital on the remaining Si atom b.!° Since the orbital of
this atom is not involved in bonding to other atoms
across from the vacancy, we would expect that atom b
would be pulled away from the vacancy by the strong
bonds to its three remaining near Si neighbors (i.e., the
deficiency in the number of valence electrons forces atom
b to relax outward).

The capture of an electron makes the center negatively
charged. As this electron is added to an electron-
deficient orbital, it increases the covalent character of the
orbital on the b atom, and the atom relaxes back toward
its normal position (weakening its bonding to its three-Si
near neighbors).

Another way of looking at this is that the extra elec-
tron, which is of @ symmetry, pairs with the existing elec-
tron on atom b in a bonding orbital further stabilizing the
configuration. Pressure further stabilizes this paired
bonding configuration, and the energy level E; falls
deeper in the gap as observed. On emission we, of course,
expect the opposite effect, i.e., an outward relaxation, and
this is what we find in the present work.

In summary, the present results are in good qualitative
agreement with, and lend support to, the model for the
P-V center. Specifically, pressure forces the level deeper
in the gap consistent with its bonding character and its
ability to mix with other orbitals (because of the level’s a
symmetry); the lattice relaxes outward (inward) on emis-
sion (capture); and the relaxation is relatively large.

F. Model for the Si divacancy

As already noted, there is a body of evidence from
DLTS measurements'>!3 which indicates that the
E_,—0.23 level is associated with the 2— /— charge state
of the divacancy. Although some uncertainties remain
about this assignment, the pressure results are consistent
with the generally accepted model for the divacancy.

On the basis of detailed EPR results, Watkins and Cor-
bett!! proposed the simplified model for the divacancy
shown in Fig. 12. The two vacancies (V-V) are on two ad-
jacent sites ¢ and ¢’. The formation of V-V initially re-
sults in six broken bonds, one each for the six neighbor-
ing atoms a, b, d, a’, b’, and d’. The undistorted struc-
ture would have D;; symmetry, the six electrons from
the six broken bonds occupying the a,,, a,,, and e, or-
bitals as shown: the first four electrons are paired off into
a,, and a;, and the remaining two electrons go into the
e, doublet partially filling it. This would represent the
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neutral charge state, (V-¥)°, of the divacancy. However,
because of the degeneracy associated with the partially
filled e, orbitals, a Jahn-Teller distortion occurs, lowering
the symmetry to C,,. This distortion, one manifestation
of which is the formation of bent pair bonds between
atoms a and d and a’ and d’, allows strong mixing to
occur between the a, levels and between the b, levels.
The resulting molecular orbitals are linear combinations
of one-electron orbitals which reflect primarily the pair
bonding and the extended orbitals between atoms b and
b’ (with little admixture among the other atomic orbit-
als). Two EPR spectra of the divacancy are observed:'!
one corresponding to only one unpaired electron in the
extended orbital between b and b’—this is the singly pos-
itive charge state, (V-¥)T, of the divacancy, and the oth-
er corresponds to the singly negative charge state, (V-

a-d+a-d

a-d-a'+d

b-b-Aa+d-a'-d)

b+b-pla+d+a’+d)

a+d-a-d+2Ax(b-b’)
a+d+a+d+2ulb+b’)

D3g (3m) Cap(2/m)

FIG. 12. Top: Model for the structure of the Jahn-Teller-
distorted divacancy in Si showing the pair bonds between a and
d and a’ and d’ and the extended bond between atoms b and b’.
Bottom: Simplified molecular-orbital model of the electronic
structure of the negatively charged divacancy, (¥V-¥) ", before (i)
and after (ii) the Jahn-Teller distortion. In (ii) the linear com-
bination of one-electron orbitals which form the various molec-
ular orbitals are given. A captured electron (dashed arrow) to
form (¥-¥)*~ goes into the antibondinglike b, molecular orbit-
al. The E.—0.23 level studied in the present work is associated
with the 2— /— transition. (After Watkins and Corbett, Ref.
11).
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V)™, with three electrons in the orbital between b and b’.

Starting with the neutral charge state (V-V)°, a cap-
tured electron goes unpaired into the antibondinglike
state b, (which is made up of linear combination of atom-
ic orbitals b-b and little admixture from the other orbitals
represented by the A term).?* This is the (V-¥)~ state of
the divacancy. On further electron capture to form (V-
¥)*~, the second captured electron also goes into the
same antibonding b, state pairing with the first electron.
In going from (V-¥)™ to (V-¥)*" the electron is captured
into an already negatively charged state which is also an-
tibonding in character. Such a capture process can be ex-
pected to lead outward relaxation of the near-neighbor Si
atoms. On subsequent electron emission from (V-v)*,
the opposite effect obtains, i.e., inward relaxation, as we
deduce from the present experiments. The magnitude of
the relaxation is, however, relatively small. This may
simply be related to the asymmetric and extended nature
of the divacancy. Additionally, since the V-V 2— /— lev-
el is antibonding in character, compressing the lattice
should force the level higher in the gap. This is also what
we observe experimentally. Thus it is seen that the pres-
sure results are consistent with the model.

It was noted earlier in the paper that the divacancy has
a second acceptor level at E. —0.41 corresponding to the
— /0 state. We did not study the pressure dependence of
this level; however, on the basis of the above model, we
can qualitatively predict what should be observed. Again
in this case, electron capture will be into the antibonding
b, state, and this should lead to outward relaxation (in-
ward on subsequent emission) and the — /0 level should
also move higher in the gap with pressure. We hope to
confirm these predictions experimentally in a future
study.

IV. CONCLUDING REMARKS

In this paper we have presented and discussed the com-
bined effects of temperature and hydrostatic pressure on
the deep levels of two important vacancy-related defects
in Si, the P-¥ pair acceptor at E, —0.44 and the 2— /—
V-V acceptor at E. —0.23, and on a third level of uncer-
tain origin at E, —0.40. The results and conclusions can
be summarized as follows.

(i) For the P-¥ acceptor, the electron thermal emission
rate (e, ) decreases with pressure at constant temperature,
and the electron capture cross section is essentially in-
dependent of temperature and pressure. Analysis of these
results leads to the conclusion that the level falls deeper
into the band gap with pressure, and that the breathing-
mode lattice relaxation is outward, i.e., expansion, on
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electron emission. The opposite relaxation should obtain
on electron capture. These findings are consistent with
Watkins and Corbett’s model for this defect and with the
bondinglike nature of its deep level.

(ii) The results for the E. —0.40 level are qualitatively
similar to those for the P-¥ pair acceptor.

(iii) The results for the 2— /— V-V acceptor are, how-
ever, qualitatively different. In this case, e, increases
with pressure while o, is again essentially independent of
temperature and pressure. With pressure this level
moves higher in the gap, and the breathing-mode volume
relaxation is inward (outward) on electron emission (cap-
ture). These results are also consistent with Watkins and
Corbett’s model for the V-V defect and with the anti-
bonding nature of its 2— /— level.

The present results, when combined with earlier re-
sults'® on other deep levels in Si, reveal the following gen-
eralization. Those deep levels whose electronic orbitals
are bondinglike in character move lower in the band gap
on lattice compression, and the lattice relaxes inward
(outward) on electron capture (emission) by such levels.
Deep levels whose electronic orbitals are antibondinglike
in character, on the other hand, exhibit the opposite
effects. This generalization is consistent with intuitive ex-
pectations, and the present results quantify the effects. A
level can be expected to move lower in the band gap as a
reflection of its more stable bonding configuration at high
pressure. Capture of an electron by such a level should
also strengthen the bonding of the defect (or impurity) to
its Si neighbors, and this should lead to inward relaxation
of these neighbors. The opposite effects follow for anti-
bonding levels.

Finally, we note that the main uncertainty in the quan-
titative values of the volume relaxations given in the pa-
per derives from the lack of definitive values for the hy-
drostatic deformation potentials of the two band edges,
E. and E,.'® In addition to their needs in the present
work, these deformation potentials are important to the
understanding of other pressure effects as well as some
fundamental properties (e.g., acoustic-phonon scattering)
of Si.
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