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Energy band associated with dangling bonds in silicon
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High-frequency capacitance measurements as a function of applied bias have been performed between 77 K
and 2SO K on Schottky Pd, Si-Si diodes, obtained from previously deformed n-silicon slices. Having used low

dislocation densities and high-resistivity silicon we were able to check, in the range of temperatures investigated, the

validity of the half-filled-band model, which assumes the existence of dangling bonds associated with edge-type

dislocation. Good agreement between theory and experiments was found, confirming that, with the edge dislocation

in silicon, it can be associated with a one-dimensional energy band, of width 0.24 eV and a neutral level E, at 0.40
eV above the top of the valence band; it was also confirmed that the edge dislocations are surrounded by
cylindrical charge clouds, whose effective radius is comparable with the Debye screening length.

I. INTRODUCTION

In the model of the half-filled band (HFB),~ it is
assumed that in the edge dislocation core there
exist dangling bonds which originate a one-dimen-
sional energy band in the semiconductor forbidden
gap, with the Fermi level always inside this band.
This model has been successfully adopted to inter-
pret experimental results on the electrical effects
of dislocations in semiconductors. ' ' However,
some other results, '~' sometimes obtained in ex-
perimental conditions in which the HFB model
could not be properly applied, ""are in disagree-
ment with the previous ones, mainly concerning
the dislocation energy levels. Moreover, recent
investigations using weak-beam electron micro-
scopy" "have shown that dislocations dissociated
for most of their length in partial dislocations,
and this fact could render the dislocations elec-
trically inactive by a coupling of dangling
bonds. '4'2' There is, therefore, the need of fur-
ther experimental tests on the existence of the
dangling bonds. This can be done, for example,
by electrical measurements, using a technique
able to discriminate between the effects expected
from a row of dangling bonds (having a many-elec-
tron character} and those due to other possible
electrically active centers (such as point defects,
impurities, and defect aggregates activated or re-
distributed in the sample during the plastic defor-
mation). To this end we employed a technique
which had already been found to be very suit-
able, ' consisting in high-frequency measure-
ments at different temperatures of the capaci-
tance-voltage (C-V) characteristics of Schottky
diodes made of previously deformed semiconduc-
tors.

In the present work we extended some prelim-
inary investigations on Au-m silicon Schottky

diodes' mainly using palladium silicide -silicon-
Schottky diodes, which give more stable and re-
liable characteristics, ' and can be obtained by an-
nealing at relatively low temperatures (-570 K)
for short times (-30 min). ~' To be in the validity
range of the HFB model, we operated with high-
resistivity silicon, low-dislocation densities, and
not too low temperatures. "

II. EXPERIMENTAL

Starting material was monocrystalline n-silicon,
doped with I', with a resistivity of 500 A cm, in
form of (111)slices, with a thickness ranging be-
tween 200 and 300 p.m, and initial dislocation den-
sity of about 10' cm '. The slices were deformed,
for a few minutes at 1023 K, by bending with dif-
ferent radii around the (112) direction and flat-
tening, in a vacuum better than 10 ' torr. The
subsequent cooling rate was lower than 5 K/min.
The deformation temperature was selected to en-
hance the direct effect of the dislocations, as high-
er temperatures seem to produce agglomerates
of point defects and impurities, "while lower
temperatures can lead to the formation of stable
aggregates of point defects along the slip planes.
The total dislocation densities introduced were in
the range (0.5-5) & 10' cm ', of which, as con-
cluded from transmission electron miscroscope
observations, 80% were inclined with respect
to the (111) plane and could be approxima-
tively counted by etching, and about 20% were ly-
ing in the plane; about 75% of the total were of the
edge type. Such dislocation densities are suffi-
ciently low to avoid large errors in the etch-pits
counting s.

The Schottky diodes were obtained by the growth
of a 500-A-thick palladium silicide film on the
silicon deformed slices by a technique already de-

22 1926 1980The American Physical Society



22 ENERGY BAND ASSOCIATED %1TH DANGLING BONDS IN. . . 1927

scribed"; the back contact was obtained afterward
by evaporated aluminum. The Pd2Si-film area
was circular, with a radius of 6 mm; its presence
and homogeneity was checked by 2-MeV He' back-
scatter ing spectrometry and x-ray diffractome-
try.

The capacitance measuring apparatus, based on
a lock-in amplifier, has been described else-
where. ' The rate of cooling the diodes to the
liquid-nitrogen temperature did not exceed
1 K/min. After the capacitance measurements,
the diodes were etched to count the etch pits by
an optical microscope; the counting was made on
10 zones of the diode area and only those samples
with a homogeneity of better than 10% were con-
sidered.

III. RESULTS AND DISCUSSION

A. High reverse voltages

The diode capacitance C, as a function of the
applied bias V, was measured reverse-biasing
the diode from 0 V in a few seconds. As at tem-
peratures below 250 K, the time constant for the
thermal emission of trapped carriers is quite
long, their concentration during the measurement
keeps constant and equal to its equilibrium value
(V= 0); therefore it is possible to obtain, at the
different temperatures, the effective donor-con-
centration profile at equilibrium, N~(x), from the
expression valid for Schottky diodes:

where e is the silicon permettivity, q the elec-
tronic charge, A the diode area, and x the deple-
tion-region width, given by x = eA/C.

In our samples at reverse biases higher than
10 V, the equilibrium-concentration profiles come
out to be constant at each temperature. In Fig. 1

we report, as a function of the temperature, these
concentrations for three deformed samples and
for a reference one, which had been subjected to
the same heat treatment except for the deforma-
tion.

From the profile curves it is possible to obtain
two quantities. The first one is the dislocation
occupation function f= (N~ -N~)/N„where ND and

ND are the effective donor concentrations in the
deformed sample and in the reference one (where
it was equal to that in the virgin sample), and N,
is the dangling bond concentration; N, is given
by N~/a, with N~ the total edge-dislocation
density, deduced from etch-pit countings, and a
the distance between dangling bonds, for which we

took the average value of 3.67 A. [ln our samples,
3 of the edge dislocations were of the 90' type
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FIG. 1. Effective carrier concentration as a function
of the reciprocal temperature, as calculated from C-V
measurements. (): reference sample; (&): B1; {o):
B2; (&): B3. Edge-dislocation density of the bent sam-
ples N~s B1: 7.5x10 cm; B2: 1.8x106 cm; B3:
2.4x106 cm 2.
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FIG. 2. Fermi level versus the edge-dislocation oc-
cupation function f. Experimental values for B1 (a), B2
(o), and B3 (w). The solid lines are calculated according
to Eq. (3) with 80=0.40 eV.

(a= 3.32 A) and —', were of the 60 type (a =3.84 A).]
The second quantity obtained from the profile
curves is the value of the Fermi level, measured
from the top of the valence band far from the dis-
location, E&, by means of

E~ = Ea —kT ln(C, T ~ /ND) . (2)

Ea is the silicon band-gap width (whose tempera-
ture dependence must be accounted forso) and C,
is 5.4& 10" cm 'K ' '. The experimental values

of E~ as a function of f are indicated by symbols
in Fig. 2.

In the HFB model the value of the Fermi level
is related to the highest-occupied level in the dis-
location energy band when the dislocation is neu-
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tral, measured from the top of the valence band,
E, by

E~ = Eo+ ln + —-=-;— + 1

where Xn = (ekT/qaND)'~2 is the Debye screening
length. The solid lines. in Fig. 2 represent the
best fits of E~ as a function of f, calculated by use
of Eq. (3) assuming E,=0.4 eV; the fit is quite
good and is in agreement with some preliminary
results obtained with Au-Si diodes. "

%e further note that sample 82 gives the same
results as sample BS of Ref. 12, an Au-Si diode
from which 82 was obtained after chemical re-
moval of Au and Al, cleaning, and Pd, Si forma-
tion. This confirms that the formation of the
Pd, Si film does not change the electrical charac-
teristics of the starting deformed material.

B. Deep-level analysis

The experimental technique employed to investi-
gate the presence of deep impurity levels, ""by
which some results were already obtained, con-
sists in giving a large reverse bias V„ to a
Schottky diode at room temperature, cooling it
slowly to about 77 K, and measuring, in a short
time, the diode capacitance as the bias is reduced
to zero and then increased again to V„. The large
reverse bias given at room temperature and the
subsequent cooling cause the space-charge region
to be in a steady state, near the liquid-nitrogen
temperature. This means that possible deep levels
in the upper half of the band gap, located between
the interface and where the quasi-Fermi level
crosses the deepest level, are not occupied by
electrons; as V decreases, the deep levels fill
with electrons and keep occupied at their zero-
bias thermal-equilibrium concentration during the
subsequent biasing. As a consequence, a hystere-
sis in the C-V curves results, as shown, for ex-
ample, in Fig. 3 for the sample B1, which is one
of the least deformed we investigated. The ref-
erence samyles do not show, within the experi-
mental errors, such a hysteresis indicating that
possible deep levels introduced during the thermal
cycles are less than 10" cm '.

The profiles of the net space-charge concentra-
tion in the deformed samples, obtained by means
of Eq. (l) from the capacitance values measured dur-
ing the bias decrease, ND(x), are shown in Fig. 4,
together with the profiles obtained during the sub-
sequent biasing, N~. It can be seen that the de-
polarization profiles are not uniform along the
whole depletion region of width L, but only for a
length x, where they show the same value of the
reference samples: -9.2& 10' cm '. For x&x,
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FIG. 3. Capacitance for unit area, C/A, versus re-
verse bias V, at 79 K for B1; (-) during the depolari-
zation after a reverse bias of 60 V at 300 K, (—) during
the successive biasing.

4-

n
I

0-
8- (b)-

4-

(c)

4-

0
80

x(p m&

1

160

FIG. 4. Net charge concentration in the depletion re-
gion. Solid lines correspond to decreasing bias, dashed
lines to increasing bias; (a): sample B1 at 79 K (60 V
at 300 K); (b): sample B2 at 77 K (95 V at 300 K); (c):
sample B3 at 80 K (75 V at 300 K).

the concentrations decrease as far as x =L where
they reach the thermal equilibrium values of the
different dislocation contents. These profiles are
not step functions as they would be in the case of
discrete deep monolevels, indicating the presence
of a dense distribution, of levels in the same half-
gap as the Fermi level; this is just what is pre-
dicted for dislocation by the HFB model.

From the profiles it is possible to calculate at
each x, the value of f(x) = [N~ -ND(x))/N„and of
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FIG. 5. Quasi-Fermi level E~ versus the edge-dislo-
cation occupation function f. Experimental values: (~)
B1, (o) B2, (&) B3. Solid lines calculated according to
Eq. (3) with Eo= 0.40 eV and T= 79 K (B1), 77 K (B2),
and 80 K (B3).

the quasi-Fermi level for electrons, computed
from the top of the valence band far from the dis-
location E~„, with the assumptions: E~„=0.4 eV
at x=x [where f(x) = 0], E~ = E~ at x= L, and EF„
proportional to the electrostatic potential between
x and I..

On the other hand, if we suppose Eq. (3) to be
valid also in the space-charge region (with the
replacement of E~ with E~„), we can calculate the
values of E~„ for different values of f, taking E,
= 0.4 eV and T as the temperature of measure-
ment. The values so obtained can be compared
with those found experimentally, as shown in Fig.
5.

It can also be useful to show as a function of the
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FIG. 7. Typical C versus V plots for a Pd2 Si-Si
Schottky reference diode at 77 K (o) and 207 K (a).

C. Low reverse voltages

The values of C ' as a function of the applied
bias V, are reported in Fig. 7 for a reference
sample at the temperatures of 207 and 77 K; the
barrier potential V~ can be calculated from the
intercept VI of the C ' straight line with the V
axis, according to the expression

potential along the space-charge region both the
charge concentration obtained from the C- V mea-
surements at decreasing bias and that cal-
culated by use of Eq. (3) with the aforesaid as-
sumptions. This is done in Fig. 6 for sample
B1. The agreement between experimental results
and model predictions are quite good, confirming
also the validity of the assumptions made.

Vs = VI + kT/q + V~, (4)
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FIG. 6. Net charge concentration for sample B1 as a
function of the potential along the space-charge region,
measured at 79 K decreasing the reverse bias of 60 V
given at 300 K; (g): experimental values as derived from
C-V measurements, dashed lines as derived from Eg.
(3) with Eo= 0.40 eV, and Ez„values as shown by the
solid line.

where V~ = (Eo Ez)/q. -
In this case, Vs results to be (0.74+ 0.02) eV,

as already found for the Pd Si barrier. " Figure
8 presents a typical example of the behavior of
C 2 vs V for a deformed sample (82) at different
temperatures. The curves are very different
from those of the reference sample, as they are
all bent downwards and the bending increases with
decreasing temperature (and increasing edge-dis-
location content); they are straight lines in a nar-
row voltage range before the intersections with the
V axis.

The experimental temperature dependence of V„
with that calculated by (4), taking Vs = 0.75 V,
are shown in Fig. 9 for sample B2. The mean
value of V~ obtained from all the deformed samples
is (0.74+ 0.03) V, coinciding with that of the ref
erence samples. We can say, on the basis of
these results, that the dislocations do not alter
the expected barrier potential.
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The bending of the C ' curves can be explained
by a geometrical effect' of reduction of the ef-
fective junction area, due to the space-charge
cylinders surrounding the edge-type dislocations.
This effect, already noted in silicon" and ger-
manium, "should derive from the fact that when
the depletion layer width is comparable with or
smaller than the effective cylinder radius ~„ the
effect&ve area of the plane capacitor given by the
junction becomes A'= (A -A, ) whe~e A, is the
sum of all the cross sections of the space-charge
cylinders: A.,=&, wr,'. Accordingly, A' can be
obtained from the experimental results at voltages
near Vl by A '=AC'/C, where the capacitance of
the reference sample C and that of the deformed
sample C' must be measured at the same V.

From the knowledge of A', and in the hypothesis

~ V (volts)

FIG. 8. C versus V plots at different temperatures
for sample B2: (a) 77 K, (b) 98 K, (c) 131 K, (d) 158 K,
(e) 192 K, (f) 215 K, and (g) 245 K.

of no dislocation overlap, the effective cylinder
radius r, can be calculated by

N, m )
The values of x, referring to the deformed sam-

ples are shown at different temperatures in Fig.
10; for comparison, also plotted as a solid line
is the behavior of the Debye screening length AD

as a function of the temperature, for the three
deformed samples already shown. The dot-dashed
lines in Fig. 10 represent the temperature de-
pendence of the space-charge cylinder radius ac-
cording to the Read' expression

r„=(f/N~ra)' ',
which is obtained in the hypothesis of space-charge
cylinders with sharp boundaries. It can be seen
that x, = AD (x~, and therefore one of the basic
assumptions of the HFB model seems confirmed,
namely, that the screening clouds around the
charged dislocations, mainly due to a rearrange-
ment of free carriers, do not have sharp bound-
aries but decay exponentially with a characteristic
length XD. This picture should be no more valid
at very low temperatures, where a transition to
the Read model is expected; this tendency can be
actually recognized in the behavior of the ~, 's of
the least deformed samples, which are a little
higher than A.~ near 77 K.
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FIG. 9. Intercept voltage Vl of the sample 82 as a
function of the temperature: (o) experimental values;
solid line calculated from Eq. (4) assuming Vz = 0.75 V.

FIG. 10. Experimental effective radius x& of the
charge cylinders surrounding the edge dislocations vs T;
(o) B1, (o) B2, and (a) B3. Solid lines are the calculated
Debye screening lengths &D and dot-dashed lines are the
space-charge cylinder radii according to the Bead theory
(Ref. 36) x~.
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The HFB model can be properly applied only if
the single dislocations can be considered indepen-
dent of each other, and this is possible if the mean
distance between neighboring dislocations is not
lower than twice the effective cylinder radius.
This condition is fulfilled in the whole tempera-
ture range investigated and for the dislocation
densities in our samples.

The values of r, found are also in good agree-
ment with SEM (scanning electron microscope)
observations. "'"

IV. CONCLUSIONS

The HFB model can be used to describe the en-
ergy levels associated with edge-type dislocations
if the following conditions are fulfilled ':

(A) The dislocation can be described as a scat-
tering center, that is, the mean-free path of free
carriers is higher than A.~.

(B) The screening length of the dislocation line
charge is mainly due to a free-carrier redistribu-
tion; i.e., (N~/C, T'~')exp(Ee-ED)/kT (1, where
Ec is the bottom of the conduction band and E~
the energy level of the shallow donors.

(C) No consistent overlap occurs among the
space-charge cylinders around the dislocations.

In our case, conditions (A) and (B) are fully
satisfied in the whole temperature range of mea-
surements, for the high resistivity of the silicon
used, and condition (C) is satisfied for the low
dislocation densities investigated.

The experimental results obtained for silicon
are in substantial agreement with the HFB model,
confirming the existence of the dangling bonds,
and in particular that:

(1) A half-filled band (with a neutral level E,

= 0.40 eV, in agreement with recent photoconduc-
tivity measurements" ) is associated to edge dis-
locations.

(2) The electrical properties of the edge dislo-
cations are similar to those of deep impurities
with a dense multilevel spectrum.

(3) The screening of the charge on the disloca-
tions, down to not too low temperatures (77 K) is
attained by a rearrangement of free carriers, and
the screening clouds decay exponentially with a
characteristic length A~.

We remind the reader here that previous mea-
surements of reverse diode current" showed that
in silicon the most effective level for the genera-
tion-recombination on the dislocation, E,«, is at
0.52 eV above the top of the valence band at dis-
location, and coincides with the top of the dislo-
cation band. Therefore, from the knowledge of
E,«and of En(0. 40 eV) we can give a measure of
the width of the dislocation- energy band in silicon
2(E,« -E,)= 0.24 eV, in good agreement with the
results of photoconductivity measurements. '

We note, finally, that our results are also con-
sistent with those obtained by the similar tech-
nique of transient capacitance spectroscopy on
Schottky barriers, showing that in silicon, be-
sides some energy levels associated with different
defect states, there is present a band of 'true'
dislocation states, centered about 0.35 eV above
the top of the valence band and, about 0.25 eV wide.
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