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Interstitial boron in silicon: A negative-U system
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An electrical level 0.45 eV below the conduction band is detected by deep-level-capacitance transient

spectroscopy (DLTS) in boron-doped silicon irradiated at 4.2 K by 1.5-MeV electrons. This level is

attributed to interstitial boron. Greatly enhanced annealing of the level is observed under minority-carrier

injection in both n- and p-type material, A quadratic dependence of the annealing rate on the injected

current density reveals that the process is a Bourgoin mechanism in which the defect migrates by jumping

from one lattice configuration to another as the defect alternates its- charge state between B+ and 8, .
Combining these results with published electron-paramagnetic-resonance information, it is proposed that

interstitial boron is an example of an Anderson "negative-U" system, with a single donor state (0/+ ) at
—E, —0.15 eV which is above the single acceptor state ( —/0) at E, —0.45 eV detected in the DLTS
experiments.

I. INTRODUCTION

previous studies~ 4 using electron paramagnetic
resonance (EpR) have demonstrated that irradia-
tion of silicon by high-energy electrons at cryo-
genic temperatures serves to displace substitu-
tional impurity boron atoms into an interstitial
configuration with high efficiency. The mechanism
for this is believed to involve long-range motion of
the interstitial silicon atoms, which are produced
in the primary damage event, with subsequent
trapping by the substitutional boron which is, in

turn, ejected into the interstitial site as the silicon
atom takes its place. As a result, the dominant
defects produced by 1-2 Me& electrons at 4.2 or
20.4 K in boron-doped P-type silicon are believed
to be isolated vacancies and interstitial boron
atoms, in roughly 1:1concentration. An EpR
spectrum Si- 628 has been identified with the
neutral charge state of the interstitial boron, and
a detailed study of its properties has been pub-
lished. 4

In this paper, using deep-level-capacitance
transient spectroscopy (DLTS), we detect an
electrical level 0.45 ep below the conduction band
denoted E(0.45), which we identify as arising from
the isolated interstitial boron atom. This identifi-
cation is achieved by detailed correlation with the
published EpR results. In addition, we show that
under minority-carrier injection conditions, the
defect exhibits a signif icantly enhanced annealing
rate, which may be athermal, By a detailed study
of the phenomenon, we are able to conclude that
it is migrating via a Bourgoin mechanism, 5 7 in
which it alternates between two lattice configura-
tions, one the saddle point for migration of the
other, as the defect alternates between 8,'- and B,.
due to the capture of majority and minority car-
riers. Finally, we discuss the implications of

these results to the electronic structure of the
defect. We propose that the E(0.45) level is an
accePtox state beloM a donor state at -E,—0.15
eP, thus providing an example of an Anderson
~~negative- U" system. 8

'I

II. EXPERIMENTAL PROCEDURE

For studies in n-type material, P'n diodes were
fabricated in the following manner: Wafers (-15
mil) were sliced from pulled n-type partially
counterdoped silicon material that had been doped
in growth with 3 x 10'6 cm ' phosphorus and 1 x 10'6
cm 3 boron. (This is the same bulk material that
had been used for the EpR studies in n-type ma-
terial. 4) Following polishing, p'n mesa junctions
mere fabricated on the wafers using a spin-on boron
diffusion source. Aluminum was deposited on both
faces of the mafers and the diode structures were
def ined with black wax. The surrounding silicon
and aluminum were then removed by etching with
nitric acid (HF: acetic: HNQ3,. 1:1:6). Samples
were then diced and mounted on TQ-12 headers
using a silver-laden conductive epoxy, and con-
tacted by ultrasonic bonding of 1-mil aluminum
wires.

The n'p diodes used for the p-type studies were
supplied to us by Dr. A. Q. Evwaraye of the
General Electric Research and Development
Center. They had been fabricated on two-inch
Monsanto-Monex wafers containing 1.5 x 10' cm
boron by conventional photolithography and phos-
phorus diffusion techniques.

Irradiations were performed in situ with 1.5-
Me& electrons from the Lehigh Van de Graaff
accelerator, using an Air products {„ryo-Tip to
maintain sample temperatures near 4.2 K. Total
fluences were -1x 10'6 electrons/cm'.

Samples were studied using a deep-level-capaci-

22 921. 1980 The American Physical Society



922 J. R. TROXELL AiVD G. D. %ATKINS 22

tance transient spectrometer of the type de-
scribed by pang. ' The spectrometer employed a
capacitance bridge operating at 10 MHz and transi-
ent detection by means of a double boxcar signal
averager. The spectrometer was calibrated using
a circuit which is described elsewhere. '

Annealing studies were performed by monitoring
the amplitudes of the DLTS signals between an-
neals performed in situ in the Cryo- Tip. Iso-
thermal recovery was found to give a simple ex-
ponential decay (or growth) versus time, char-
acteristic of first-order reaction kinetics. ln
many cases the signals were strong enough that
the annealing time constant y could be estimated
under several different sets of conditions (tem-
perature, bias, injection level, etc. ) on a single
sample before the recovery had gone to com-
pletion.
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III. EXPERIMENTAL RESULTS

The electron emission activation energy E,(0.49
ep) may then be related to the defect energy-level
position by using the standard result of detailed
balance between carrier capture and emission
processes'4:

e, =PC,o, (v, ) N, exp[ —(E, Er)/kT], — (2)

where E~ is the defect energy-level position, N,
is the effective- mass density of states within the
conduction band, (v, ) is the electron thermal
velocity within the lattice, and 0, is the electron-
capture cross section for the defect. X, is a
multiplication factor which originates from the
change in entropy taking place when a carrier is
excited from the defect. In general, the tempera-
ture dependence of (v, )N, is quadratic, while the
dependence of g may vary considerably.

Vfe find o, ~ 10 ' cm~, with no evidence of a
temperature dependence. Thus we estimate the
energy level of the defect to be

A typical defect spectrum observed in the n-type
partially counterdoped material after irradiation
at 4.2 K and annealing to 100 K'~ is shown in Fig.
1. The E(0.16) level has been observed in most
DLTS studies of n-type silicon and arises from a
vacancy trapped by interstitial oxygen, the A
center. '~ Similarly, the E(0.43) level arises from
the phosphorus-vacancy pair, which has also
been studied in detail. ' The dominant level, how-

ever, at E(0.45) has not been previously re-
ported. It is found to have an electron emission
rate of

e, =6.2 x 10~~ exp(-0.49+0.02 ep/kT) sec '.
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FIG. 1. DLTS spectrum of n-type {phosphorus 3 && 10
cm ) silicon partially counterdoped with boron (1 && 10"
cm 3) after 1.5-MeV electron irradiation at 4.2 and 100
K anneal (*). Shown also are successive anneals at 240
K which reveal the emergence of a new level at E(0.23)
as the dominant E(0.45) level disappears and the pres-
ence of a level at E{0.43) originally masked by the strong
E(0.45) signal. I.The E(0.43) peak appears at a higher
temperature than that for E(0.45) because of a lower
preexponential factor in its emission rate. ]

%hen a reverse bias is applied to the junction
during annealing, the rate 7,b is substantially re-
duced:

5x 10'exp( —0.60+0.05 ep/kT) sec ~. (4)

Ec Er = E —2k T= 0.49 + 0.02 —0.04

=0.45~0.02 eV,

where the 2k 7 term corrects for the T~ depen-
dence of (v, )N, . Under zero-biased (shorted) junc-
tion conditions this defect level is stable to -240

Its disappearance is correlated with the growth
of a defect level at E, —0.23 ep (Fig. 1). The an-
nealing rate z,b under zero-bias conditions is
found to be (solid line, Fig. 2),

7,„' =2.5 x10~0 exp(—0.63+ 0.03 ep/k T) sec '.
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It was also observed that (ill) axis reorientation
could be produced at 4.2 or 20.4 K by minority-
carrier injection as generated by light or by high-
energy electron irradiation. If reorientation is
equivalent to a one-jump migrational process,
ionization-enhanced annealing should also be oc-
curring at these temperatures. An attempt to test
this by prolonged injection was inconclusive.

V. DISCUSSION

A. General

The E(0.45) level is detected only following elec-
tron irradiation of silicon which contains a sub-
stantial quantity of boron. In n-type silicon with
-1x 10~6 boron, it is the dominant level observed.
Under zero bias, this defect level anneals near
240 K with kinetics similar to that observed for
the anneal of interstitial boron in previous EpR
studies in the same material (Fig. 2). Although
the E(0.45) level itself is detected only in n-type
doped silicon, its disappearance near 240 K. is ac-
companied by the growth of a level at E(0.23),
which is detected in both n- and P-type electron-
irradiated silicon containing boron. This level has
previously been detected in irradiated P-type
boron-doped material and tentatively identif ied
with boron. '"8 We therefore identify the E(0.45)
level as a level of interstitial boron.

Under zero-junction-bias conditions the Fermi
level is above the E(0.45) defect level, while under
reverse-bias conditions the Fermi level is nomi-
nally at mid-gap, below the E(0.45) defect level.
Thus the variation in junction-bias conditions re-
sults in a change of the equilibrium charge state
of the defect, providing an explanation for the
large change in the annealing kinetics observed
for the defect in the two cases (Fig. 2). Such
charge-state effects have been reported for sev-
eral radiation-induced defects in silicon. '3' '"
It should be noted, however, that in most cases
the variation in annealing kinetics has resulted
from a variation in annealing activation energies.
In the case of the E(0.45) level, however, the ob-
served difference in annealing rates appears to
result primarily from a variation in the preex-
ponential term [(Eqs. (3) and (4)]. We will return
to this point later in the discussion.

In all of the annealing studies of n-type material,
a direct correlation was found between the disap-
pearance of the E(0.45) level and the growth of
the E(0.23) level. We conclude, therefore, that
the annealing process can also be monitored in
p-type material by the growth of the E(0.23) level,
even though the E(0.45) level cannot be directly
detected. Our annealing studies in P-type samples
yield similar rates under zero and reverse bias,

which also match approximately the n-type results
under reverse-bias conditions (Fig. 2). These an-
nealing kinetics, in turn, agree reasonably well
with those measured for interstitial boron from
EPR studies in P-type silicon given in Eq. (6) and
also shown in the figure. (The agreement is con-
sidered satisfactory because the three different
sets of data are on different samples. The EpR
results were on floating zone samples, the n-type
diodes were from pulled crystals, and the P-type
diodes, though of low initial oxygen content, un-
doubtedly had oxygen incorporated during the
phosphorus diffusion. Also, the samples used for
EpR studies were more heavily irradiated. )

e conclude tentatively, therefore, that no fur-
ther defect charge-state changes occur as the.
Fermi level moves through the lower half of the
silicon band gap, which in turn means that inter-
stitial boron does not introduce any additional
levels below the E, —0.45 ep level. This is con-
sistent with our failure to detect any levels in P-
type silicon which can be correlated with inter-
s tl t lal boron.

8. Injection-enhanced annealing

Under minority-carrier injection conditions
(Figs. 3 and 4), a large enhancement in the defect
annealing rate is observed. For sample tempera-
tures ~150 K, substantial temperature dependence
for the annealing rate remains. At lower tempera-
tures, however, the rates become relatively in-
sensitive to temperature. At a current density J
of 1.5 Acm ~ in the P-type material, the annealing
rate 7 ' in the region down to 100 K can be esti-
mated roughly to be

~ '=3 exp(-0. 05+0.03 eV/kT) sec ',
nearly athermal in nature.

It is interesting to note that within the experi-
mental error of the data, the injection-enhanced
annealing rates are the same in both P- and n- type
samples at comparable currents and temperatures
(Fig. 5). Also, in neither case does the annealing
rate appear to saturate. Thus, we may conclude
that for these current densities (= 1 A/cm2) the
enhanced annealing rate is being limited by the
injected minority-carrier capture rate in both
n-type and p-type samples. The equality of the
rates and the absence of rate saturation with in-
creasing minority-carrier concentrations suggest
that the relevant electron and hole-capture cross
sections at the defect are of comparable magnitude.

This observation is consistent with the inability
to detect the E(0.45) level in P-type material as a
minority-carrier trap. The comparable capture
cross sections would prevent the detection of the
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where e,', e'„, c,', &„', and f' are the electron-
emission rate, hole- emission rate, electron-
capture rate, hole-capture rate, and fractional
concentration for the ith charge state, respective-
ly.

In p-type material, emission processes can be
neglected, and at low injection levels where the
electron concentration (22) is much less than the
majority-bole concentration (P), ca&c,'. This
leads to a quadratic dependence on n„

cp o+( 0(g )2
' ca &a("a)p0

(10)

Here ere, gh are the electron- and hole-capture cross
sections for the ith charge state and (v, ) and (oa),
the average thermal velocities for conduction elec-
trons and holes, respectively. In (10) we have
used the fact that for s «P, f '-1 and P ™P0,the
majority-carrier concentration in the absence
of injection.

Similarly, in n-type material with p «n and the
additional restriction ep &chp, a quadratic depen-
dence on p results.

level because under injection conditions, majority
carriers are always present in excess of minority
carriers. It ls not possible undel such conditions
to get a significant number of defects into the
minority-carrier-related charge state, and thus
it is not possible to detect the defect level.

The approximate quadratic dependence upon in-
jected current, Fig. 5, is unusual and has not been
observed to our knowledge in any other example of
an injection-enhanced reaction in solids. ][t sug-
gests a two-step process, the rate of each being
proportional to the injected minority-carrier den-
sity. This, in turn, indicates that the process re-
quires the capture of two electrons in P-type ma-
terial, takeo holes in n-type material. %e may con-
clude, therefore, that the enhanced migrational
process involves the alternation between charge
states of the defect that differ by two electronic
charges. Since fr'om FpH studies it was con-
cluded that B, , Bp, and B,'. exist, this suggests the
process

+ 0B)=B-=8, ,

where a one-jump motion occurs only if the com-
plete cycle, B,'. to 9,:and return, has taken place.

Including both electron and hole capture and
emission processes, the complete charge-state-
change cycle rate is easily shown to be given by

cp+ ep
h )c0+e0 +c0+e0

h e e h

P - 8 x 10~~ t &~
~ cm 3. (14)

Assuming - 106 def ect jumps before the def ect is
trapped, the observed annealing rate 2x 10 sec '
(Fig. 3) would correspond to a one-jump rate of
-2x 103 sec ~ at 100 K. ith 0„-Oph-op-10 ~6

cm2, n0 =2 x 10'0 cm 2, and (v, ) - (va) -10' cm/
sec, Eqs. (11) and (14) give a one-cycle charge-
state change rate v = 2 x 103 sec ' for a minority-
carrier lifetime t&-10 ~ sec. This is a reasonable
value for irradiated material. +kith this, the
minority-carrier concentration, Eq. (14), is
3 x 10~4 cm 3, a factor of a hundred lower than the
majority-carrier concentration in agreement with
the assumptions leading to Eqs. (10) and (11).

The fact that the process requires the complete
cycle appears to rule out an energy release mech-
anisme'~~ for the motion. In this mechanism, the
energy release upon capture of a carrier is con-
verted to kinetic energy of the atom to assist it
over its migrational barrier. This process, which
has been identified for a few specific defects in
semiconductors, ~9 ~4 would occur at a particular
capture process in tbe chain, Eq. (8), and there-
fore could lead to quadratic dependence upon in-
jection current in one conductivity type, but not
the other.

The requirement of the complete cycle implies
a saddle-point:" (or Bourgoina) mechanism. In
this mechanism, the stable confgiruation for B,.
would be the saddle point for migration of B,'., and,
vice versa, the conversion from one to the other
and back, therefore, providing a diffusional jump.
The fact that neither the B,. = B,. nor the B, B,
conversion accomplishes the jump by itself implies

h oh oh(+h) p2a a C0 O0(~ )S
where in this case f -1 and n-220. With(&a) (&,),
and Pp np, the equality of rates in. the n- and P-
type materials at comparable injection levels now

implies
0+ -00'eo'e 0'h 0'h

0 0
Oh

The magnitude of the observed annealing rate is
also reasonably accounted for by Eqs. (10) and (11).
Following Henry et al. ,~e we may estimate the
minority-carrier (hole) concentration in n-type
material under forward-bias conditions by

p = (y I/q)(ta/t0Tp&)2~2,

where y is an injection efficiency (assumed to be
0.5), q is the electronic charge, t& is the minority-
carrier lifetime, and p& is the hole mobility (-400
cm p sec '). For a current density J'=0.4V A/
cm2, and T= 100 K, we obtain
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that 80 is an intermediate configuration, "halfway
between" two specific B',. and B, configurations.

The EpR studies4 provide a striking confirmation
of this idea. The EpR spectrum for 8,. reveals
two distinct symmetry lowering features. One re-
flects a (111) axial crystalline environment which
is retained in the 8,. —]3,'- conversion and is there-
fore common also to the B',. configuration. The
other is a distortion in a ]110] plane away from
the (111) axis, the memory of which is lost in the
B',. —8,' conversion. From this it was concluded
that B,

' is in a pure (111) axial configuration and
in the conversion to B,- it "puckers" out into one of
the six possible off-axis directions provided by the
three (110}planes containing this axis. It is still
attached to its original (ill) axis and the Bo 8',.

conversion, therefore, allows no net translational
movement in the lattice. We may interpret the
puckering now to reveal the intermediate step,
presumably completed in the B, B,. conversion
to a diff erent high- symmetry conf iguration, from
which other (111) B,

' configurations are accessible.
Figure 6 illustrates a possible microscopic

model for the process. In (a), the stable configura-
tion for B,

' is a (111) bond-centered interstitialcy,

(c)

the boron ion nestling between two normally
bonded silicon atoms. In (c) the stable configura-
tion for B,. is a (100)-split interstitial, the boron
ion forming a (100)-oriented B—Si dumbbell which
occupies a single lattice site. These configurations
have been predicted to be stable ones for inter-
stitial atoms in the diamond lattice from extended
Huckel theory cluster calculations2 7 and are,
therefore, reasonable models. (Additional con-
firmation comes from EpR studies which reveal
a split (100) character for interstitial C' in sili-
con. 8) In (b) the configuration of Bo is intermedi-
ate between the two other configurations, the off-
axis distortion reflecting the specific (100)-ori-
ented dumbbell from which it has originated and/
or to which it must go in the B,. B,. conversion.
From the Q& configuration, the six equally possi-
ble distortions correspond to intermediate motion
toward three possible (100) dumbbell orientations
for ]3,. on each of two possible atomic sites. From
each B, dumbbell configuration, two equally
probable motions are possible: one a return toward
the original B',. position, the other toward a new
(111) bond center position. Thus migrational diffu-
sion becomes possible in the complete B,'. = B,.
cycle.

The configuration for B, in the figure is fully
consistent with the EpR analysis and corresponds
to model (a) presented in that work. 4 It is not
unique in microscopic detail, however, as pre-
viously pointed out. It remains possible also, for
instance, to devise similar models for conversion
between either of the other two suggested EpR
models for B,'. (Si-Si—B interstitialcy or the hex-
agonal interstitial site), and either a (100)-split
interstitial configuration for B,. or even ]3,. in the
tetrahedral interstitial site. Recent cluster cal-
culations by Mainwood and Stoneham for diamond~~
using the complete neglect of differential overlap
method have concluded, for instance, that the
bond-centered configuration of Fig. 6 is ener-
getically unfavorable compared either to the (100)
split or hexagonal site, so the hexagonal-site
model for ]3,'. must also be considered a viable
possibility. Jn Figure 7 a possible hexagonal site
B,
' split-(100) B, conversion is also sketched.

Further EpR studies are planned to help distin-
guish these alternatives.

(I 00)
FIG. 6. Possible model for Bourgoin migration of in-

terstitial boron in silicon: (a) B,' is in a bond-centered
interstitialcy position; (b) B;, seen in EPR, puckers
out from the bond-centered position into an intermediate
position in the (110}plane; (o) B;. is in a split-(100) in-
terstitialcy configuration.

C. Electrical level structure

The EPR results and the injection-enhanced
annealing both indicate the existence of three
charge states, i.e., B,'. , Bo, and B, We must,
therefore, ask why only one level is seen in the
DLTS studies. The EpR results indicated that the
donor level (0/+) should be at -E,—0.15 ey, but



928 J. R. TROXELL AND G. D. WATKIN S 22

p
~,

(IOO)

FIG. 7. Alternate model for Bourgoin migration in
which conversion between B,' in a hexagonal interstitial
site and B, in a split-(100) configuration (dashed lines)
occurs. Bo is in an intermediate position (dotted lines)
which is also consistent with the EPR results. Shown
are atoms and the interstitial tetrahedral (T) and hexa-
gonal (H) sites in a (100}plane.

2B;-B';+B (15)

lowering the energy of the system. In p-type ma-
terial, the stable cha, rge state is, therefore, B,'-

///ZZiZil Z ZZ r Z/E
0 C

D +
- 0.15

A 0 0.45

Ey

FIG. 8. Proposed electrical level structure for inter-
stitial boron. The E(0.45) level detected by DLTS is
the single acceptor state (A) and the level at -&~ —0.15
eV detected by EPR studies is the single donor state (D).
This inverted order implies a negative-U system.

no level shallower than the E(0.45) level has been
detected that could be associated with boron. (The
DLTS studies should have detected a level at least
as shallow as E, —0.07 eV. )

Figure 8 illustrates a proposed level structure
that explains the observations. The donor level
(0/+) is at -E, —0.15 eV, consistent with the EPH
observations, and the E, —0.45 eV level is identi-
fied as the single acceptor (—/0) state. This
represents an inversion of the usual order (for
which the acceptor states lie above the donor
states) and corresponds to a negative-U system
as originally proposed by Anderson, and later ex-
panded by Street and Mott, to explain anomalous
diamagnetic behavior of defect states in the chalco-
genide glasses.

In such a system, the B',. state is only a meta-
stable state, the reaction

and in n-type is B, The EpB observation that B,.
is only observed after photoexcitation in n- or
P-type material at temperatures below freezeout
is therefore explained by this model. The meta-
stable B,'. decay in high resistivity material,
therefore, reflects the thermal ionization

Bo- B,'. + e

locating the donor level at "E,—0.15 eV, con-
sistent with the previous interpretation of the
Epp results.

Normal DI,TS studies will not detect this level
because in filling the trap under zero bias, the
defect captures two electrons and under reverse
bias, it decays from B,- by thermally activated
electron emission. This decay process,

B,. + e B,'. +2e (17)

is limited by the first ionization event which re-
flects the 0.45- eV level depth. At temperatures
where this can be monitored, the second electron,
being bound by only -0.15 eV, follows immediate-

ly. In effect, then, only one DLTS peak will be
observed, that reflecting the deeper acceptor level
at E(0.45).

If this is correct, an essential consequence is
that two electrons are emitted for each ionization
event, and each defect changes its charge state
correspondingly by two electronic charges. In the
DLTS experiment, it is the charge- state chang e
of the defects in the depletion region that is being
monitored, and the height of the peak is a direct
measure of the total charge- state change in this
region due to the ionization of the defect. If we
knew the concentration of the interstitial boron
defects by some other means, we could determine
the charge-state change directly. Unfortunately,
since the defects are produced by irra diat ion, the
concentration is not well known.

We can, however, make an estimate another
way. The accumulated evid enc e from low- tempera-
ture damage studies with - 1.5- MeV electrons is
that the principal damage products stable after a
4.2 or 20.4 K irradiation are equal concentrations
of isolated vacancies and interstitial group ID
atoms. ~ 4 In the studies described here, the in-
terstitial atoms are boron. The mechanism for
interstitial boron production is speculated to be
highly eff icient athermal ionization- enhanced
migration of the primary interstitial silicon atom
with subsequent trapping by substitutional boron
to eject the boron into the interstitial site. The
high cross section for interstitial trapping by
boron (as opposed to oxygen, for instance) pre-
sumably reflects a long- range Coulomb attraction.
On subsequent annealing to -100 K in n-type ma. —

terial, the vacancies migrate and are trapped by
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other defects. ~ In our n-type counterdoped ma-
terials, the dominant traps should be oxygen to
form the vacancy-oxygen pair (Vo) at E(0.16), and
phosphorus to form the phosphorus-vacancy pair
(VP) at E(0.43). Both of the levels can be seen in

Fig. 1, the PP pair being resolved cleanly as the
interstitial boron anneals. Consistent with this,
the dominant levels observed in Fig. 1 after an-
nealing to 100 K are these three centers, the &0
and VP pairs, and the E(0.45) interstitial boron
peak. As seen in the figure, the sum of the two
vacancy-related peaks is almost exactly one-half
that of the E(0.45) peak. We find the relation to
hold for all samples studied. We consider this
strong evidence that the negative-U model illus-
trated in Fig. 8 is correct and the ionization being
observed for interstitial boron is a double one.

This model also provides a possible explanation
for the difference in the thermally activated an-
nealing rates for zero and reverse bias in n-type
silicon given by Eqs. (3) and (4). We pointed out
earlier that the difference appeared to be pri-
marily in the preexponential factor, an uncommon
observation. Normally we expect a preexponential
factor "10', which reflects an -10"characteristic
vibrational attempt frequency divided by -106, the
number of single jumps required to encounter
another def ect bef ore being trapped. The n- type
reverse-bias result (and the corresponding re-
sults in P-type material), therefore, apparently
represents the "normal" one, and the 0.60-ep
activation energy presumably represents the ener-
gy barrier that the B,'. atom must surmount in
order to make a diffusional jump.

'Ln the case of the n-type zero-bias results, we
must also consider the possible contribution of the
Bourgoin charge-state alternation mechanism,
Eq. (8), which results from thermally stimulated
electron emission. Here the alternation cycle
rate is given by Eq. (9) with all hole capture and
emission terms set to zero:

v„'-f e, n/(I+o. ), .

where

(18)

(19)

With Xo- 1, o,' -oo no
——2 x10II' cm 3, f -],

E&o&,&
——0.15 ep, and

N, =2.1 x IO'I'(7/250)»& cm-&

these equations allow a direct estimate of v„'

using the experimentally measured emission rate
e, from Eq. (1). In Fig. 2, the dashed curve is
the calculated value v„' divided by 106, to account
for the number of jumps before trapping. The
agreement is remarkable, both in the slope of the

curve (apparent activation energy) and its absolute
magnitude. 'The close agreement for the magnitude
is, of course, somewhat fortuitous, there being
a number of uncertainties in cross sections, en-
tropy factors, etc. However, it clearly illustrates
that the thermally induced Qourgoin mechanism
can account for the zero-bias annealing in n-type
material.

The origin of the factor of -103 increase in the
preexponential factor observed for the n-type
zero-bias annealing results, Eq. (3), can now be
seen to come from the N, /n& ratio in o. , Eq. (19).
As has been previously poin". ed out, 3' this arises
specifically because the process is a two-step one,
the first of which requires a thermally induced
charge-state change. Ln other systems where
anomalously large preexponential terms are ob-
served, the possibility of this type of contribution
should, therefore, also be carefully considered.

Note added in Pyoof. Under reverse bias, cap-
ture processes can be neglected, and Eq. (18) be-
comes v„'=f e, . With rapid short zero-bias pulses
to keep f -1, the thermally induced contribution
to the Bourgoin annealing rate under reverse bias
should therefore be increased by (1+n)/& over
that for zero bias. A preliminary experiment to
detect such an increase in the annealing rate (a
factor of 9 at 200 K for the values assumed in the
text) has given a negative result. The zero-bias
annealing results may therefore require an alter-
nate explanation.

VI. SUMMARY

We have observed a level at E, —0.45 ep which
arises from isolated interstitial boron in silicon.
From DI.TS studies of this level and correlation
with previously published EpB studies of the
photoexcited neutral state, we arrive at the fol-
lowing conclusions:

(1) Three charge states exist for neutral boron,
B,', B'„a,nd. B,

(2) The electrical levels associated with these
charge states are inverted from the usual order
with the acceptor state (-/0) at E,—0.45 eV and
a donor state (0/+) above it at -E, 0.15 eV. In-—
terstitial boron is, therefore, an example of an
Anderson negative- U system, with B,'. a metastable
state.

(3) Enhanced annealing is observed under mi-
nority-carrier injection and results from a
Bourgoin saddle-point mechanism between the
charge states B,'. and B, The metastable inter-
mediate 8,. state seen in EpH allows a detailed
microscopic mechanism to be proposed in which
the interstitial boron atom moves from a site of
(111) axial symmetry for B',. to one of (100)-like
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symmetry for 8, A possible model consistent
with the data is a change from a (111) bond-cen-
tered position to a (100)-split interstitial, both
configurations previously predicted from theoreti-
cal considerations. An alternative model with 8,'.
in the normal hexagonal interstitial site and con-
verting to a (100)-split 8,. configuration is also a
possibility.

The concept of a negative- P was first proposed
by Anderson' to explain the properties of amor-
phous chalcogenide glasses. The extension of this
concept to defects was first introduced by Street
and Mott. ' Although it is generally accepted that
this is indeed probably the correct explanation for
the properties of these materials, ' '3' until now
there has been no concrete microscopic identifica-
tion of any defect in a solid with a negative U.

We believe that the experimental observations
described here supply strong evidence that inter-
stitial boron is such a system. In addition, our
results demonstrate that, in this case, it is the
energy gained by a change in lattice coordination
that serves to overcome the Coulomb repulsion
energy of the additional electrons.

Recently, garaff, Kane, and Schluter have
suggested on the basis of theoretical considerations
that the isolated vacancy in silicon is a negative-V
system with p' a metastable state between inverted
single-donor (0/+) and double-donor (+/++) levels.
Qur unpublished experimental results for this de-
fect also can be interpreted to confirm their sug-

gestion but the evidence is not yet as strong as
those we have presented here for interstitial
boron. This is currently under study and has been
the subject of a recent preliminary communica-
tion. " If their suggestion is correct, the driving
force there must come from the change in the
magnitude of a tetragonal Jahn- Teller distortion
with no change in symmetry of the defect.

The Bourgoin mechanism for ionization- en-
hanced defect migration in semiconductors was
first proposed in 1972. ' Again, however, no
positive evidence that any defect displayed this
effect has been found until the present work.

Interstitial boron, therefore, serves as a unique
model system in that it provides an example for
the first time of two independent important pre-
dicted phenomena: the Anderson negative V and
the Bourgoin mechanism. +fork is continuing to
further elucidate the microscopic processes.
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