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Negative- Uproperties for Interstitial Boron in Silicon

R. D. Harris, J. L. Newton, and G. D. Watkins
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(Received 18 February 1982)

Electrical detection of a single donor level of interstitial boron at E,-0.13 eV using
novel photo-deep-level transient spectroscopy techniques is reported. Complementary
behavior between this level d the acceptor level at E,~0.45 eV establishes that the de-
fect levels have negative-U o derirg. The donor level exhibits a large Poole-Frenkel ef-
fect which, when properly accounted for, provides a direct and unambiguous connection
to the EPR-identified pterstitial boron atom. This represents the first definitive indenti-
fication of negative-U properties for a defect in any solid.

PACS numbers: 71.55.Fr, 61.70.Ey, 61.80.Fe, 76.30.Da

A defect has negative-U' ' properties if it can
trap two electrons with the second bound more
strongly than the first. It is as if there were a
net attraction between the two carriers (negative
Hubbard correlation energy'). In this Letter, we
present what we believe is the first definitive and
unambiguous demonstration of negative-U proper-
ties for a defect in any solid. The defect is inter-
sitial boron in n"ystalline silicon, a simple point
defect produced by electron irradiation at cryo-
genic temperatures of boron-doped silicon. '

The electrical level structure that we deter-
mine for the defect is summarized in Fig. 1(a).
There are two levels in the gap with an acceptor
level (-/0) at E, —0.45 eV and a donor level (0/+)
at E, —0.13 eV. This inverted ordering implies
a negative effective U, with the neutral B,. ' state
thermodynamically unstable.

The suggestion that interstitial boron might
have negative-U properties, with a level struc-
ture similar to that of Fig. 1(a), has been made
previously. '' The evidence cited was as follows:
(1) EPR studies' indicated three charge states in
the gap, B,-', B,. ', Bj, the metastable EPR-ac-
tive neutral state being seen only after photogen-
eration. (2) Decay of the photogenerated B,' EPR
signal (- 15 min at 50 K) was interpreted as ther-
mally activated electron emission

B,.'- Bj'+g,
indicating a donor level at -E,—0.15 eV. '
(8) Deep-level transient spectroscopy (DLTS)
3unction capacitance studies" failed to detect
this donor emission, however, detecting only a
single deeper level at E, —0.45 eV, as shown in
Fig. 1(c). This was interpreted as a two-stage
electron emission,

Bj Bj +g Bj+ + 2e

a single DLTS peak being observed at E, -0.45
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FIG. 1. (a) Electrical level structure for interstitial
boron. (b) Decay rate for the metastable Bj EPQ
spectrum. (c) DLTS emission rate from the E~ —0.45
eV level. '(d) DLTS emission rate from the E~ —0.13
eV level observed in the presence of light.

eV because the limiting process is the first deep-
er electron emission, the second electron follow-
ing immediately. Indirect evidence was cited to
support the two-electron emission model by com-
parison of the DLTS peak amplitude to other re-
lated DLTS peaks.

In the present Letter we report direct electri-
cal detection of the single-donor electron emis-
sion at E, —0.13 eV, providing a critical electri-
cal test of the negative-U ordering. A detailed
kinetic study of the decay of the photogenerated
EPR study is also reported which allows unam-
biguous identification of the negative-U electrical
levels with interstitial boron.

First, we show in Fig. 1(b) the results for the
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photogenerated B,.' EPR signal decay. In this
study a p-type sample (B-1.5x 10"cm '), pre-
viously made high resistivity by prolonged elec-
tron irradiation (- 10"e/cm') and room-temper-
ture anneal, was reirradiated by 2.5-MeV elec-
trons (-10"e/cm') in situ at 20.4 K, to produce
interstitial boron. The observed decay is given
by

yEpR
——6.8x 10

x exp[-(0. 14+ 0.01 eV)/kT] sec '. (3)

Correction for the T' dependence of the conduc-
tion-band thermal velocity and density of states
leads to an estimate of the donor position at E,
—0.13+0.01 eV.

For the electrical DLTS measurements, either
diffused p+n diodes processed from counterdoped
n-type (p —Sx 10"cm ', B- 1x 10"cm ') pulled
silicon, or chrominum Schottky barrier diodes
processed from p-type (B-1.5x 10" cm ') vac-
uum floating-zone silicon were used. All diodes
were fabricated in a mesa configuration to allow
optical access to the junction region from the
side of the diode. The n-type samples were ir-
radiated with 1.5-MeV electrons and the p-type
samples with 2.4-MeV electrons, both jn situ at
4.2 K, to produce interstitial boron for study.

The failure to detect the E, —0.13 eV level in
the previous DLTS studies can be understood as
follows: In the normal DLTS experiment, each
electron-trap-filling pulse will convert some in-
terstitial boron atoms to the negative charge
state. Since the deeper (0.45 eV) B,. - state can-
not emit at the low temperature required to ob-
serve the B,.' donor level emission, these nega-
tively charged centers are essentially removed
from the experiment. With the repetitive pulses
required by DLTS, all of the centers will rapidly
accumulate in the negatively charged state, leav-
ing none in the neutral state to observe.

We have avoided this accumulation by illumi-
nating the diode with 0.3 eV&hv~ 1.1 eV light
(tungsten source through a room-temperature
silicon filter and a Pyrex window on the cryo-
stat), to ionize B;

B-hv Bo
1 1

This temperature independent photo-induced de-
cay can be monitored after each trap-filling
pulse by the corresponding transient capacitance
change. The light level was adjusted to give a
photo decay time short with respect to the period
between trap-filIing pulses. This assures that
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FIG. 2. (a) New DLTS peak observed with simultane-
ous photoexcitation. The peak at -105 K arises from
the vacancy-oxygen pair, also present. (b) Concentra-
tion of B;o and 8; at the end of each trap-filling pulse
as deduced from the amplitudes (I) of the corresponding
DLTS transients.

no B,. is present at the beginning of each pulse.
The result is shown in Fig. 2(a). In the presence
of the light, a new peak is observed, and in the
approximate temperature range expected. This
new peak disappears in a 1:1 correspondence
with the E, —0.45 eV DLTS peak during either
thermal annealing at —240 K or minority carrier
injection annealing at 78 K, confirming that the
two levels are associated with the same defect.

The negative-U ordering of the two levels can
now be tested by the dependence of the ampli-
tudes of the two related capacitance transients
versus the trap-filling pulse width. This is shown
in Fig. 2(b). The shallow new peak decreases in
amplitude as the pulse width increases, an anom-
alous result for a normal level. At the same
time, the amplitude of the photo-induced B, de-
cay increases. In Fig. 2(b) we have plotted one
half of the B, decay amplitude because it is a
two-electron decay, Eq. (2). This complemen-
tary 1:1 behavior between the two transient de-
cays, and the constancy of the sum of their am-
plitudes, provide a direct and unambiguous dem-
onstration that the two levels belong to the same
defect and must be in inverted negative-U order-
ing.

Finally, we provide direct confirmation that the
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negative-U levels being studied by DLTS arise
from interstitial boron. In Fig. 1(d) we show the
emission rate versus temperature measured for
the shallow level in the DLTS experiments of Fig.
2. Although the level position inferred from the
slope of the curve (0.12 eV) is in reasonable
agreement with the EPR results of Fig, l(b)
(0.13 eV), there is an unacceptable factor of 10'
difference in the emission rates.

We find that this discrepancy results from an
enhancement of the emission rate by the electric
fields in the depletion region of the DLTS diode.
This is the Poole-Frenkel effect, &' where the
barrier for emission from a Coulomb attractive
center is lowered by an amount
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Here 8 is the electric field, e the electronic
charge, e the dielectric constant of the material,
and E'p the permittivity of free space. The anal-
ysis of Frenkel predicts for the emission rate"'

Ine„($, T) = lne„(0, T) + (p/u7')8'". (6)

To study this, we have used Schottky p-type
diodes where we find that the 8,.' emission can
also be observed in DLTS studies by using opti-
cal trap-filling pulses (provided by a Strobotac
synchronized with the DLTS spectrometer). The
diodes were first characterized by C-V measure-
ments at the temperature of the DLTS studies so
that the electric field in the junction could be de-
termined in terms of the applied reverse bias.
The field varies linearly from a maximum at the
junction to zero at the termination of the deple-
tion region. In order to have a well defined elec-
tric field, therefore, the pulse sequence illus-
trated in the inset of Fig. 3 was used. During
the optical pulse (i), a small reverse bias was
applied in order to allow only levels near the
junction to be filled. Immediately after the pulse
(ii), additional reverse bias was applied provid-
ing a narrow range of electric fields to the emit-
ting levels, as shown, the average of which could
be varied by the applied reverse bias.

The emission rates observed at various aver-
age electric fields are shown in Fig. 3, plotted
as

Ine„vs'�"'

at 65 K. The solid straight line,
representing the 8"' dependence predicted by Eq.
(6), clearly extrapolates within the accuracy of
the measured points to the EPR value, also
shown. This provides unambiguous identification
of the level as arising from interstitial boron. In
addition, the large, quantitatively demonstrated
Poole-Frenkel effect' confirms the single-donor

FIG. 3. Dependence of the electron emission rate
from neutral interstitial boron on the electric field in
the junction at 65 K. The insets show the bias condi-
tions used to obtain a well-defined electric field in the
diode junction during emission (see text).

character of the level inferred by this identifica-
tion.

We note parenthetically that the slope of the
line drawn in Fig. 3 corresponds to a value for p
which is 15% smaller than that given by Eq. (5).
While this is within the accuracy of our estimates
of 8 from the C- V measurements, we do not
necessarily anticipate exact agreement with Eq.
(5). In particular, others" "have derived some-
what different forms by extending Frenkel's der-
ivation from one to three dimensions. For com-
parison we have also shown in Fig. 3 best match-
es to the predictions of Frenkel [Eq. (6)j and
Connell, Comphausen, and Paul" plotted using
the theoretical value for p [Eq. (5)]. The experi-
mental accuracy is not sufficient to judge the
merits of either model but it is interesting that
they straddle the EPR result.

In conclusion, we have demonstrated that inter-
stitial boron in crystalline silicon has negative-
V properties, its acceptor level at E, —0.45 eV
lying inverted below its donor level at E,—0.13
eV. The effective electron-electron binding en-
ergy for two electrons at the defect is therefore
0.32 eV. We believe this is the first identified
defect in any solid which has been demonstrated
to have this remarkable property.

It has also been suggested that the isolated lat-
tice vacancy in silicon should have negative-U
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properties, ' and experimental evidence has been
cited as tentative confirmation. ' However, a cri-
tical and definitive test of this suggestion, such
as that presented in the present Letter for inter-
stitial boron, has yet to be successfully accom-
plished. Work is in progress in our laboratory
to attempt this more difficult test as well.
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Electric Field Dependence of Crystallinity in Poly(Vinylidene Fluoride)

R. G. Kepler, R. A. Anderson, and R. R. Lagasse
Sandia National Laboratories, Albuquerque, Net Mexico 87l85
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It is shown that the crystallinity of poled films of poly(vinylidene fluoride) can be changed
by the application of an electric field. This is the first time that electric-field —induced
changes of crystallinity in a polymer have been reported, and this observation confirms
the hypothesis that reversible changes in crystallinity with temperature contribute signifi-
cantly to the pyroelectric effect in poly(vinylidene fluoride).

PACS numbers: 77.20.+a, 61.40.Km

Recently, it has been recognized that poly(vi-
nylidene fluoride) and some vinylidene fluoride
copolymers are ferroeleetric. This discovery
has stimulated a large amount of research since
ferroelectricity had not been observed previously
in polymers. ' ' Much of this work has been de-
voted to explaining the origin and the magnitude
of the pyroelectrie effect.

In this paper, we report the observation of
electric-field-induced changes of crystallinity in
poly(vinylidene fluoride). We show that this ob-
servation confirms our earlier speculation ' that
a reversible temperature dependence of the
crystallinity contributes significantly to the pyro-
electric effect in poly(vinylidene fluoride). The
fact that reversible changes in crystallinity ean

contribute to the pyroelectric effect has not been
recognized previously, nor have electric-field-
induced changes in crystallinity been observed.

Poly(vinylidene fluoride) is a crystalline poly-
mer with a crystallinity g, of about 0.5; that is,
about half of the molecules are in the crystalline
phase. In the planar zigzag configuration, the 0
phase, the crystalline region is strongly polar.
If the polarization axes of the crystalline regions
are aligned by the application of a high electric
field, referred to as a poling process, the polar-
ization I' of a sample is g, P, where I', is the po-
larization of the crystalline phase. Therefore,
pyroelectricity, the change in sample polarization
caused by a change in temperature, can arise not
only from changes in the temperature dependence
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