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Energy levels of defect states introduced by plastic deformation of n-type silicon have been stud-
ied by capacitance transient spectroscopy. From the observed properties of the defects, it is conclud-
ed that two different types of defects are produced. The first type is interpreted as point defects lo-
cated in the vicinity of, or inside, dislocations. These deep-level defects have been analyzed in a
model involving level broadening due to strain fields and/or defect interaction. The analysis gives
information on thermal emission rates, capture cross sections, ionization energies, and deep-level
broadenings. In addition, this analysis allows for the determination of accurate defect concentra-
tions. From the improved concentration measurements it has been possible to determine the depen-
dence of the repulsive potential (responsible for the unusual capture mechanism) on the filling times
during the capture process. The second type of defects seems to be directly related to dislocations,
but their physical properties could not be determined unambiguously. Comparison of the deep-level
transient spectroscopy (DLTS) and EPR results allowed tentative identification of the different
DLTS lines with particular EPR spectra, and thus conclusions about the microscopic models for dif-
ferent defects. The quantitative comparison of defect concentrations measured by DLTS and EPR
also suggests that in strongly deformed silicon, part of the EPR lines might be broadened due to im-
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perfections in the lattice surrounding the paramagnetic center.

I. INTRODUCTION

Plastic deformation of silicon produces a complex spec-
trum of lattice defects, many of which are connected with
energy levels deep in the band gap.!~® The dislocations
generated can be straight, heavily kinked or jogged, clean,
or decorated with impurities, and are generally dissociated
into partials with stacking faults in between, to name a
few possibilities. In addition to dislocations, point defects
and point-defect clusters, generated during the dislocation
motion or by dislocation interaction, can be formed. All
of these imperfections can be electrically active, and it is
well established that plastic deformation results in the ap-
pearance of donor as well as acceptor states. The electri-
cal behavior of these defects has, in the past, been studied
by rather unspecific methods like Hall effect and photo-
conductivity, which resulted in a picture of delocalized
states in the core of the dislocations.!® However, the re-
cent use of spatially resolved® and of spectroscopic tech-
niques allows us to determine the microscopic nature of
these electrically active defects. Electron-paramagnetic-
resonance (EPR),!!=!4 deep-level transient spectroscopy
(DLTS),2~7 and photo-luminescence’>~!7 measurements
have been used to obtain a more detailed picture, where
both unpaired electrons (“dangling bonds™) and deep-level
defects have been found in the dislocations as well as in
the point defects formed during the deformation. Thus,
the fundamental question seems to be at present the mi-
croscopic identification of the defects involved, and the
correlation of these defects with the properties observed

32

with various techniques.

The EPR technique has proven to be the most success-
ful technique for the identification of lattice defects in
semiconductors, especially silicon. EPR of dislocated sil-
icon has been reported in papers from various
groups,!' = of which two'"!3 agree in their analysis of
the EPR signals as being due partly to dangling bonds in
dislocations and partly to point-defect clusters. DLTS
measurements, which give information only on the deep

“levels located in the band gap, showed in plastically de-

formed (PD) silicon a complex spectrum of broadened
lines, which all show very unusual nonexponential capture
behavior.*~7 Recently, a first attempt® has been made to
correlate the various EPR and DLTS spectra, based main-
ly on a comparison of formation and annealing behavior
of the different defects.

The purpose of this paper is to present a detailed study
of the deep energy levels produced in plastically deformed
n-type silicon. DLTS data will be presented, showing
how the electrical properties change with different defor-
mation and annealing procedures. It will also be shown
how a complete analysis of some of the DLTS lines gives
detailed information on the physical properties of the de-
fects and allows to suggest the type of defect (point de-
fects or dislocations) studied. The properties of these deep
levels will be compared with data on EPR centers, and
from a comparison of formation behavior, annealing
behavior, photo-EPR results, and concentration measure-
ments, we will, finally, suggest microscopic models for
some of the centers.
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II.. EXPERIMENTAL

For the experiments, n-type float-zone silicon single
crystals (Wacker-Chemitronic) were used, with doping
levels of (1—10)x 10'* (phosphorus atoms)/cm’. The
growi-in dislocation density was (1—5)x 10* cm 2. Plas-
tic deformations were made by static compression along
[213] in a reducing atmosphere of forming gas (92 vol %
N,, 8 vol% H,). “Standard” deformations were per-
formed at 650°C with a resolved shear stress of 30 MPa.
High-stress deformations yielding a high concentration of
straight dislocations!® were performed with 300 MPa at
420°C, after a predeformation at 850°C. Experimental
details of the sample preparation and deformation pro-
cedure have been described previously.'’

Schottky diodes were produced by evaporating Au
Schottky contacts and Ga-Al alloy Ohmic contacts on
freshly etched crystals. The diodes were characterized by
I-V and 1/C?% V measurements and only diodes with low
leakage current, homogeneous doping profiles, and low
series resistance were used for further investigation.

The deep-level emission studies were performed with
the DLTS system described in Ref. 20. For capture-
cross-section measurements two different DLTS systems
were used. For filling pulses larger than 100 ns the sys-
tem in Ref. 20 was used, but for smaller filling pulses a
specially designed DLTS system, which is almost 50-Q
matched, was used. This system consists of a fast pulse
generator which has rise and fall times of less than 250 ps
with a maximum amplitude of 50 V. This slightly modi-
fied pulse generator provides a variable pulse frequency
from 1 to 500 Hz as well as single-shot ability. The capa-
citance transient, which is measured with a Boonton 72B
capacitance meter, is sampled at the end of the transient,
and this value is subtracted from the next transient, pro-
viding a capacitance signal with a dc level around zero.
This signal is sampled with a double boxcar analyzer. In
the sample holder, as close as possible to the diode, are
two microrelays which, during the pulse, disconnect the
LO terminal of the C meter to avoid overload and connect
the HI terminal to ground, thus giving the sample a good
ground connection. Also included is a current probe with
a rise time of less than 250 ps that measures the current
through the diode. The voltage and current over a typical
diode used in this investigation is shown in Fig. 1. From
such figures it is possible to determine directly the shor-
test pulses that can be used for capture measurements
with respect to the diode RC constant.

III. ELECTRICAL MEASUREMENTS

A. Theoretical background

For a level deep in the band gap the energy position,
thermal emission rate e, ,, and capture cross section o,
are related by the expression derived from the principle of

detailed balance:?!

enp=0pp {0 )N, ,exp(—AG, , /kT) . (1)

Here, N, is the effective density of states in the conduc-
tion band or valence band, (vy,) is the average thermal
velocity of the charged carrier, and AG,, p is the change in
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FIG. 1. The measured voltage across the diode and the mea-
sured current through the diode for a 42.5-ns filling pulse. The
half-width value of the current spike is related to the RC prod-
uct of the sample, which for this sample gives an RC product of
2.2 ns. The shortest useful pulse width for this sample is there-
fore ~10 ns.

the Gibbs free energy needed to emit an electron or hole
from a deep defect center. The relation between the
change in Gibbs free energy, the change in enthalpy AH,
and the change in entropy AS, at constant temperature is
given by the thermodynamic relationship

AG,,=AH,,—TAS,, . 2)

If corrections for the temperature dependence of the cap-
ture cross section o, , are made, and it is observed that
(v )N, is proportional to T2, it follows from Egs. (1)
and (2) that the enthalpy is obtained from an Arrhenius
plot, i.e., log(e, ,/0,, T?) versus 1/T. If the capture
cross section is temperature independent, the prefactor
Ay [=0,{(vy )N exp(AS/k)] can be used to calculate
the entropy term, and AG can be obtained from Eq. (2).

A convenient method of obtaining data on the thermal
emission rates and capture rates is the space-charge tech-
niques.?? Using these techniques the change in the capaci-
tance signal caused by a change in the electron occupancy
of a deep energy level in the space-charge region of a junc-
tion barrier can be used to measure absolute values of e, ,
and 0, ,. The capacitance of a n-type Schottky junction
is -

C(1)=7[A4%qeeoN; /2(Vp+VR)]'?, (3)

where A is the area, €€y the dielectric constant, V) the
diffusion  voltage, Vr the reverse bias, and
N;=Np+ Ny —nr(t) the concentration of ionized defects.
Np is the shallow doping concentration, Ny the deep-
level concentration, and ny(t) the concentration of deep
levels occupied by electrons. The time-dependent change
of the capacitance after a zero bias pulse (i.e., all traps
filled with electrons in an n-type Schottky diode) is
(Nr<<Np)

C'(t)=+[A%qeey/2(Vp+ Vg )Np ]2
XNr[1—exp(—e,t)] . 4)

When using DLTS,? this capacitance transient is sampled
by two gates (boxcar DLTS) at times #; and t¢,, and the
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difference AC =C(t;)—C(t,) is monitored as a function
of temperature. This gives one peak for each deep level,
where the peak position T, corresponds to

e, =In(ty /1)) /(t,—1t1) .

By changing ¢; and ¢, the peak position ( T',,) will shift
and e, can be obtained as a function of temperature.

The concentration of deep levels is obtained from Eq.
(4), but using DLTS the convention is to calculate N
from the equivalent expression

NT-':(Z/(Z)ND(ACmaK/Co) s (5)

where C, is the total capacitance from the junction,
AC .« the maximal DLTS signal, and a a correction fac-
tor introduced by the procedure for the sampling of the
exponential transient. For a more accurate determination
of the concentrations, the influence of the free-carrier tail
(sometimes referred to as the A volume) extending from
the neutral region into the space-charge region has to be
in%!‘uded. In this case Nt is modified by dividing Eq. (5)
by

B=1—[2A/W (VR)][1—C(Vz)/C (V)]
—[CVR)/CVYP . (6)

Here, B is the part of the space-charge region ( W) where
the Fermi level is above the deep energy levels and Vj is
the voltage during the filling pulses.

In many cases it has been noted that the observed tran-
sients are, for nontrivial reasons, nonexponential, which
gives a broadening in the measured DLTS peak.?> This is
particularly true for defects in plastically deformed semi-
conductors.” Thermal emission rates and activation ener-
gies deduced from DLTS measurements in these systems
are therefore often questioned. However, it has recently
been shown that using a model of broadened deep levels
(e.g., due to varying alloy composition in the crystal), Eq.
(4) will be replaced by?

C'= [.” g(Ea)Coexpl —en(Ex)t1dEq; , M

where the (Gaussian) distribution function around the
mean energy value E, is

g (Ey)=[1/52m)?lexp] — (Ey —E,0)*/282] . (8)

Here, 25 (21n2)!/? is the full-peak half-width (FPHW) of
the broadening of the energy level. In this model the
thermal emission rates and activation energies can be de-
duced as in conventional DLTS spectroscopy (one ob-
serves the mean energy E,, in the distribution), even
though the transients are strongly nonexponential. Furth-
ermore, the energy distribution and the corrected deep-
level concentration can be calculated from the observed
DLTS spectrum. Even though the application and verifi-
cation of the model has been performed in alloys,? it has
been predicted that this model should also be useful in
other cases where the defects are located in different
strain fields, as is the case in less perfect crystals.

For ideal point defects the capture cross section is de-
duced from the change in the DLTS signal AC as a func-
tion of filling times #, according to*

AC(t, ):‘[COnT(tp )/2Npllexp(—t,e,)—exp(—t1e,)]
=Acmax[1‘—exp(_‘n<vth >Untp)] > (9)

i.e., from a plot of log(AC) versus t, one can calculate o,
if n and (v, ) are known. For defects in PD material ex-
perimental results show that the capture kinetics is more
complicated, and as a result of experimental studies of
photoconductivity in PD semiconductors, a model which
discusses the capture kinetics in terms of carrier recom-
bination to defects which are located as point defects ei-
ther in the vicinity of the dislocations or, alternatively, in
the dislocation core, has been proposed?® (see Fig. 2). In
this model, which has been applied to DLTS results in
Ref. 5, the capture Kkinetics is described by a time-
dependent Coulomb potential ¢(z), which reflects the
number of charges captured at the dislocations. The rate
equation for the capture of electrons can in this case be
described by’

dnT

7=(NT—~nT)n(vth Yonexpl —q¢é(t,)/kT] , (10)

an expression which is valid for all filling pulses.
B. Experimental results

Silicon samples plastically deformed at 650 °C showed a
dislocation density increasing with deformation, with
values ranging from 10'—10° cm~2, as shown in Fig. 3.
For small dislocation densities, the values in Fig. 3 can be
well described by the microdynamic description of
creep,?’

_ 2b7[ —A; V' Ngis /75 —In(1—4;v N /75)]

a , (11)
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n
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FIG. 2. An illustration of the model with point defects locat-
ed inside, or around, dislocations. The situation for small occu-
pation numbers (nr/Nr=0) resembles that for isolated point
defects, while the higher occupation numbers give rise to a
repulsive potential ¢(z,), which is a function of occupation of
the deep levels, i.e., a function of filling time ¢, during capture
measurements.
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FIG. 3. The measured dislocation density as a function of de-
formation at 650 °C with a resolved shear stress of 30 MPa. The
solid line is a theoretical fit using the microdynamic description
of creep [Eq. (11)], which is valid only in the first part of the
creep curve.

with a being the resolved shear strain, 7; the resolved
shear stress, Ny the dislocation density, A; the interac-
tion parameter determining the maximal dislocation den-
sity (Ndis,m,,,‘=7'f/A,~2 ), and K a parameter which de-
scribes dislocation multiplication. The dislocation density
is doubled if each dislocation moves by
In2/[K(1;—A;V'Ngs)]. The reduced shear stress,
75— A;V/ Ny, is the effective shear stress acting on the
moving dislocation. A good fit to the data for low dislo-
cation densities can be obtained with

A;=6.5%x10"* kg/mm, K =4.8 mm/kg .

The ansatz [Eq. (11)] describes plastic deformation in the
first part of the creep curve with most dislocations being
mobile. Therefore, it is not surprising that strongly de-
formed crystals show clear deviations which cannot be fit-
ted satisfactorily by another choice of parameters.

For the weakly deformed material the electrical proper-
ties remained essentially the same as for the undeformed
material, i.e., with a homogeneous carrier concentration
corresponding to the doping level, low leakage currents,
and low series resistances in the Schottky diodes. Howev-
er, the deep-level concentration changed with deforma-
tion, and typical DLTS spectra from three different defor-
mations are shown in Fig. 4. The different deformations
introduced similar defect-state spectra, with apparently
four traps, labeled 4, B, C, and D in Fig. 4. With this
type of deformation, the lines of traps B and D are always
clearly resolved, while the lines of traps A and C are more
complicated to analyze because of the relatively low con-
centrations. Traps similar to C have been previously
found to dominate DLTS spectra of samples deformed at
higher temperatures. Therefore, several attempts have
been made to produce samples containing isolated C
peaks. The DLTS spectra from samples that have been
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FIG. 4. DLTS spectra for differently plastically deformed
n-type silicon using “standard” deformation (see Sec. II). The
indicated concentrations are only approximate values since none
of the correction methods mentioned in Sec. III A have been
used in this figure. The gate times are #; =3.6 ms and #,=15.6
ms, which gives a rate window of 122 s~

subjected to high-temperature . deformation, low-
temperature deformation, and annealing procedures,
respectively, are shown in Fig. 5. It is obvious that the 4,
B, and D peaks are reduced or completely annealed,
which results in a more pronounced C peak. The shape of
the unusually broad C peak was found to be strongly
dependent on the deformation and/or annealing treatment
of the crystal and, in fact, seems to consist of at least two
lines, labeled C; and C, in Fig. 5. The thermal emission
rates ( T%-corrected) are—in Fig. 6—plotted versus the in-
verse temperature for the different peaks shown in Figs. 4
and 5, and the calculated apparent activation energies and
preexponential factors can be found in Table 1.

It has often been observed that the defects in PD silicon
show a characteristic, nonexponential electron capture.’
This effect is sometimes referred to as logarithmic filling
since the number of filled deep levels is proportional to
the logarithm of the filling time. In Fig. 7 we show how
the corrected (A-volume and strain-field broadening, see
Sec. IV A) concentration of the deep levels in the space-
charge region depends on the filling time ¢, for the B lev-
el. For this level the logarithmic part extends over 4 or-
ders of magnitude, and determines more than 60% of the
capture to the defect. A similar result is found for the D
level. For shorter filling times #,, the capture kinetics
changed for both levels and is best described in a
log(N7)-versus-¢, plot. This is illustrated in Fig. 8 for
the B level and in Fig. 9 for the D level.
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FIG. 5. DLTS spectra from samples which have been subject
to different forms of treatments in order to produce isolated C
Yines. a, “standard” deformation (2.7%) followed by a 30-min
anneal at 850°C (n =4X10" cm™?); b, deformation (2%) at
850°C (n =9x 10" cm™?); ¢, high-stress deformation (0.2%) at
420°C after a predeformation at 850°C (n =1Xx 10" cm™); d,
high-stress deformation (0.2%) at 420°C after a predeformation
at 850°C and followed by a 30-min anneal at 850°C
(n=1x10" cm™3).

IV. DISCUSSION

A. DLTS results

The DLTS spectra in Figs. 4 and 5 show similar com-
plex defect spectra as in earlier investigations of PD n-
type silicon.?~> It should, however, be noted that the B
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FIG. 6. Thermal emission rates ( T?-corrected) versus inverse
temperature for the different DLTS peaks observed in Figs. 4
and 5 (solid lines). Also included are the data from Refs. 3 (H),
4 (dashed lines), and 5 (dotted lines).
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FIG. 7. The corrected concentration of filled deep levels, nr,
as a function of filling time ¢, for the B level (T=144 K, 1.5%
deformation). The straight line indicates the region where nr is
proportional to In(#,), which is used for the calculations in Sec.
IVA.

and D levels are in our material more clearly resolved
than in previous investigations, which made it possible to
perform a detailed investigation of these lines. On the
other hand, the A level both was disturbed by the B line
and appeared in low concentrations, and could therefore
not be analyzed in detail. Only Ref. 5 presents the
“fingerprints,” i.e., the thermal emission rates versus in-
verse temperature, for the different levels, making a direct
comparison possible. Their data are plotted in Fig. 6, and
even though their original DLTS peaks are broad and
overlapping, it is clear from Fig. 6 that their plastic defor-
mation gives rise to the same defect levels as does our ma-
terial. The thermal emission rates have also been calculat-
ed directly from the DLTS spectra shown in Refs. 2 and
4, and the results are plotted in Fig. 6. Even though the
activation energies given by different groups differ, it is
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FIG. 8. The capture behavior for short filling pulses for the
B level (1.5% deformation). The straight line indicates the ex-
ponential filling, according to Eq. (9).
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E =B clear from such a comparison (Fig. 6) that plastic defor-
‘f_§ mation gives rise to the same group of deep energy levels
> in different materials. We believe this is a better way of
s © < comparing different defect-state spectra from different
2 «.EN’E‘ S 5 groups than l_)y using only thc? activation energy and pre-
= ® 3 3 X factor. For instance, the activation energy from Ref. 4
8 r~ ° differs substantially from the values found in this paper
& and in Refs. 2 and 5. Their 0.18-¢V line is very different
*5 in thermal emission rates (5 orders of magnitude) from
e © o o w our A line (0.19 eV), while their 0.28-eV line is almost
E g ===E= identical to our A line, but very different from our 0.29-
;g < @ Kf é <>,< X é eV _Ievel (B llnq). Th}S is obviously a source of great con-
2 + 0 —=n fusion when discussing these spectra, and we therefore
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‘E - - tion mark for defects in silicon. This “standard” of com-
B P 5 5 paring deep energy levels has been used for a long time in
m S § 3 = GaAs. 2
A - n e A careful analysis of the thermally stimulated capaci-
& - ! . tance transients, and of the linewidth of the observed
g DLTS peaks, shows that all peaks are built up from
é nonexponential transients which, as already discussed in
UB - E . Sec. III A, make the deduced thermal emission rates, ac-
oo > o ® Il Zh tivation energies, and concentration measurements unreli-
) & = c e able. Based on earlier suggestions on the origin of the
& & E = deep levels in PD material,?® it is now assumed that some
g2 = 5 = of the deep levels are point defects located in the vicinity
£ 6‘; g 2 jv; of, or inside, dislocations. Such deep levels would experi-
2, 2 =8 g = % g 3 ence different strain fields, and therefore the model for
- - “2 § S8 = ;ﬂg broadened, deep energy levels [Egs. (7) and (8)] would be
g a8 & 2 ?: JL app_licable. Using as input parameters the. act.ual DLTS
& ;‘f _é[rf \2 = é setting (#; and ¢,) apd the apparent actlvatxop energy
N e g _—g E ?I _E 3 (E,o) deduced from Fig. 4 (see Table I),‘and as fitting pa-
Welssess E’ S g =g 5 rameters thg capture cross section (wh.nc}} adJus_ts Tmax.)
ESS8TsSa and broadening of the energy level (), it is possible to fit
E 8 3 & hal’ the experimental results for the B and D levels, as shown
s 3 ?.g B § g in Figs. 10 and 11. These results suggest that the mea-
= <GS A g E S50 5% sured e, and E, for the B and D centers are actually the
= IPEPHO true values (within the model), and also that the concen-
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FIG. 10. Theoretical fits (®) to the experimental spectra
(solid line) of the B level. The thermal activation energy
E,,=0.29 eV (from Table I), the broadening parameter S=22
meV, and a capture cross section of 1.5X 10716 cm? were used to
adjust the peak position.

trations Nr, as well as the deep-level broadenings (.S), can
be calculated. Actually, by taking into account both this
broadening effect and the A volume [Eq. (6)], one obtains
very accurate concentration determinations for these
centers. All data from this fitting are presented in Table I
and typical concentration values are also included in
Table II.

The basic argument for assuming that the defects are
located close to dislocations is the experimentally observed
logarithmic capture mechanism [see Fig. 7 and Eq. (10)],
which reflects the presence of a repulsive potential ¢(z).
Keeping in mind that our majority carriers are electrons,
it is concluded that both the B and the D levels are neu-
tral centers when empty and negatively charged when
filled, i.e., acceptor levels. For small occupation numbers
the potential ¢(z) is expected to be small, and the capture
kinetics would therefore be the same as for an ideal point
defect [see Eq. (9)]. Measurements, using very short fil-
ling pulses, showed that this is in agreement with the ob-

ELECTRICAL PROPERTIES OF DISLOCATIONS AND POINT . ..

6577

T T T T
O LEVEL

DLTS signal (arb.units)

Le
300

P
320

760 280
Temperature (K)

FIG. 11. Theoretical fits (®) to the experimental spectrum of
the D level. The thermal activation energy E,;=0.54 eV (from
Table I), the broadening parameter S=16 meV, and a capture
cross section of 2X 10~ !¢ cm? were used to adjust the peak posi-
tion.

1
240

served data for both the B level (Fig. 8) and the D level
(Fig. 9). Using Eq. (9) it is possible from these data to
calculate the point-defect capture cross section for the B
and D levels. The results are presented in Fig. 12, where
it is shown that the capture cross section is temperature
independent for both levels in the investigation tempera-
ture range. The deduced values are given in Table 1.

Since we have used a AC,,, value [see Eq. (9)] which is
ACpax(t, =125 ns) when plotting the data in Figs. 8 and
9, and the filling curves nevertheless are exponential over
1 order of magnitude, we conclude that the filling of the
defects is preferential, i.e., only certain defects are filled
with electrons during the initial period when the filling
process is point-defect-like. This might be due to the fact
that some defects are located in regions where the conduc-
tion band is lower, e.g., due to strain fields (this is one
way to visualize the alloy-broadening model described in
Sec. III A), thus giving rise to fast capture from the per-
colating electrons. Another possible explanation is that
once a defect has captured an electron, it prohibits further
capture to near-lying defects through electrostatic repul-
sion. This might be possible since the defects are located

TABLE II. Defect concentrations in plastically deformed n-type Si, measured by DLTS and EPR. [4X 10" (P atoms)/cm® materi-
al, deformed at 650°C in static compression with a resolved shear stress of 30 MPa.]

Dislocation Sites in the DLTS EPR
density dislocation core? Trap B Trap C® Trap D Si-K1/K2 Si-K7
(cm™?) (cm™3) (cm—3) (em™3) (cm~3) (cm™3) (cm™3)
5% 10’ 3x10%* 1.2x 10 2.3%x 10" 5.0x 101 4.3x%108 1.0x 10"
2% 108 1x10% 2.3 10" 5.0 10" 1.0 10* 1.2 10" 1.7 10"
6x 108 410 3.7 10" 6.2 1013 1.9 10 2.0 10" 2.0x 10"

2Taking into account dissociation into two partial dislocations.

*The complex nature of this trap allows us only to give uncorrected, apparent concentration values.
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FIG. 12. Capture cross sections for electrons versus inverse
temperature for the B and D levels. The straight lines indicate
the temperature independence.

very close to each other around (or inside) the disloca-
tions.

The directly measured values of capture cross sections
agree reasonably well with those values obtained from the
fitting procedure of the broadened DLTS peaks. As
shown in Table I, the values from the fitting are only 3
times lower than those measured directly. From this it is
concluded that the point-defect capture cross sections are,
for both levels, in a range typical for capture to neutral
point defects.*® This is in agreement with the acceptor
picture as discussed above.

For long filling times ¢, the electrons that are going to
be captured “feel” the repulsive charges from the already
captured electrons. A total negative charge is built up,
and ¢(¢) increases to a saturation value, when all centers
are filled. From Fig. 7 it is clear that ny =k In(¢,). This
gives, together with Eq. (10),

qd(t,)=kT [In(Ny—np)tyn{vy )0, ] —In(t, dny/dt,) .
(12)

Having accurate values of the concentrations and the
point-defect capture cross sections o,, it is now possible
to calculate ¢(¢) as a function of ¢,. The results of such
calculations for the B and D levels are presented in Fig.
13 for short filling times (¢, <150 ns) and in Fig. 14 for
long filling times (#, <1 ms). The values of ¢(z, =100 us)
are compared in Table I with the value found by Kveder
et al.,” who estimated the values of the potential for this
filling time.

Since both the temperature dependence of the emission
rates and the temperature dependence of the capture cross
sections are measured, it is possible to determine the ioni-
zation enthalpies for the B and D levels. Due to the tem-
perature independence of the capture cross sections, they
are, of course, identical with the activation energies de-
duced from Fig. 4 and given in Table 1. Using Egs. (1)
and (2), the enthalpy from Fig. 4, and the prefactor given

o) 1 1
o 50 100 150
tp (ns)

FIG. 13. The repulsive potential g¢(z,) plotted versus filling
time t, for the B and D levels. This figure shows the behavior
for short filling times.

in Table I, it is furthermore possible to estimate the entro-
py and calculate Gibbs’s free energy. These calculated
values are presented in Table 1.

Despite the many similarities between the B and D lev-
els, they must, however, be due to distinctly different de-
fects, as their relative concentration is strongly dependent
on the dislocation density. Samples with small dislocation
densities, and especially with dominantly straight disloca-
tions, contain only small or even undetectable concentra-
tions of the D trap, whereas the concentration of the B
trap scales quite well with the dislocation density.

An interesting question is whether the dislocation prop-
erties influence the basic physical properties of the isolat-
ed point defects. If so, the expression for detailed balance,
Eq. (1), should be modified to [see Eq. (10)]

sof .

[o] ZOIO 4C[)O GO]O Sé)O 1000

)
FIG. 14. The repulsive potential g¢(#,) plotted versus filling

time ¢, for the B and D levels. This figure shows the behavior

for long filling times.

o
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e, =0, {vy ) N.exp(—AG /kT)exp[ —¢(t)q /kT] .
| (13)

Since the capture is strongly dependent on the filling time
t,, the emission would be as sensitivie to the filling time
used during the measurements. The difference in activa-
tion energies measured with long and short filling times
would therefore be about g¢(?), i.e., 140 meV for the B
level and 260 meV for the' D level (see Fig. 14). Measure-
ments, using 0.1-s and 100-ns filling pulses, showed, how-
ever, no difference in the emission rates or in the activa-
tion energies for the two defects. This indicates that Eq.
(1) is the valid expression for the point defects investigat-
ed, and that the dislocations influence the measurements
of the point-defect properties rather than the properties
themselves (compare Fig. 2).

The broad C line appears in all samples containing
dislocations, and is thermally stable even up to 900°C. As
is shown in Fig. 5, the C line consists of at least two dif-
ferent lines, C; and C,, which can be separated by using
different filling times during the measurement. These
lines show properties which are clearly different from the
B and D lines. It was, for instance, not possible to fit the
experimental data on the C lines with the deep-level
broadening model [Eq. (7)], and the time dependence of
the capture process cannot be perfectly described with the
models described in Sec. III A. It is, however, interesting
to note that the activation energies for C, and C, are very
similar, while the prefactors are very different. One possi-
ble interpretation is that the two lines originate from iden-
tical defects located in different surroundings in the crys-
tal, which could give rise to different capture cross sec-
tions (i.e., different prefactors). This is in agreement with
the observations (Fig. 5) that different treatments of the
crystal produce different concentrations of the two lines.
The C line has been shown to be produced in direct pro-
portion to the dislocation density,’ and the corresponding
defect has therefore been suggested to bé located in the
dislocation. It should also be noted that the values (e,

" E,, and Np) determined for the C; and C, lines (and the
A line) are apparent values, since the origin for the non-
exponentiality of the measured capacitance signal is un-
known in these cases.

B. Comparison with EPR

The EPR spectra of plastically deformed silicon have
been described in detail recently.®!* In summary, “stan-
dard” plastic deformation of undoped silicon results in
the formation of at least seven distinguishable EPR
centers, of which only four have been investigated in de-
tail, namely Si-K1/K2 and Si-K3,-K4,-K5. The spectra
Si-Y (Ref. 13) and Si-rz (Ref. 14) contain the largest num-
bers of unpaired spins. The Si-K1/K2 spectrum can be
ascribed to a well-defined dangling-bond center in the core
of the dislocations. This defect occurs in three charge
states, with zero (diamagnetic, no EPR signal), one
(S=%, Si-K1), or two (S=1, Si-K2) electrons. Photo-
EPR studies®! allowed its energy levels to be located near
the middle of the band gap. Both the Si-Y spectrum as
well as the Si-K1 spectrum are shown in Fig. 15. The Si-
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K3, Si-K4, and Si-K5 spectra show no relation to the
dislocations. They have therefore been identified with
point-defect clusters produced during the deformation.
The Si-K6 and Si-K7 EPR spectra occur only in p- or n-
type silicon, respectively. They can be ascribed to impuri-
ty atoms in the dislocation core.

Samples deformed at high temperatures (7 >0.67T,,)
and samples annealed at high temperature after “stan-
dard” deformation exhibit only a small fraction of the Si-
Y broad line. This remaining, thermally stable part has
been labeled Si-R in Ref. 14. Deformation at low tem-
peratures but under high stress (e.g., 420°C, 300 MPa) re-
sults predominantly in straight dislocations. These sam-
ples with small total dislocation density ( ~107 cm~2) do
not show any of the dangling-bond-type EPR centers (i.e.,
Si-K1 to Si-K5 and Si-Y). In doped material, however,
this kind of deformation produces Si-K6 or Si-K7 centers.
Very recent investigations of crystals deformed in this
way, but up to high dislocation densities, showed the ap-
pearance of the Si-K1/K2 centers with concentration pro-
portional to the shear strain.'*

Comparing the DLTS spectra with the EPR spectra,
only the DLTS line D, which is dominant in strongly de-
formed silicon (“standard” deformation, high dislocation
density), shows characteristics wich are comparable to Si-
K1/K2. Both are produced during deformation at inter-
mediate temperatures and anneal at 800°C. Photo-EPR
of Si-K1/K2 directly showed the existence of a midgap
level of this center.’! In addition, the concentrations of
the EPR center Si-K1/K2 compare well to the DLTS line
D, see Table II. A correlation of the DLTS D line with
the point-defect spectra Si-K3,-K4,-K5, which appear in
concentrations similar to Si-K1/K2, cannot be definitely
ruled out at present. However, Si-K3,-K4,-K5 have all

T
2 .
< Si-K1
o
Si-Y
§ - PR L L
0.335 0.340

Magnetic fietd (T)

FIG. 15. The EPR signals from “standard” deformation
show a mixed signal from the Si-Y and Si-K1 spectra. These
signals have been separated by omitting certain parts of the
spectrum obtained by Fourier transformation, and subsequent
inverse Fourier transformation of the separated parts (Ref. 32).
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been identified as point-defect clusters not influenced by
dislocations.!! On the other hand, the DLTS D line clear-
ly shows logarithmic filling behavior characteristic of a
defect inside or close to dislocations, so that the correla-
tion of the D line with Si-K1/K2 appears to be more like-
ly.
The DLTS C lines appear even in silicon crystals de-
formed or annealed at high temperatures. Thus the only
corresponding EPR spectrum is the thermally stable part
of the broad background, i.e., the Si-R line. This Si-R de-
fect seems to be directly related to dislocations, as it is
detectable in all samples containing dislocations. Its con-
centration could not yet be precisely determined because
of the complex relaxation behavior of this spectrum.!*
Since the C line (DLTS) also is directly proportional to
the dislocation density,’ it appears likely that the C line
and the Si-R spectrum originate from the same defect at
dislocations. Its microscopic nature, however, is not yet
clear.

The B line in the DLTS spectrum appears in the same
samples, in which the Si-K7 spectrum can be detected.
Photo-EPR of Si-K7 indicated the energy level of this de-
fect to be less than 0.4 eV from the conduction band.
However, the concentration of Si-K7 is about an order of
magnitude smaller than the concentration of the B trap.
This casts some doubt on the identification of Si-K7 with
the B line suggested previously.6 The concentration
difference might, however, be explained by the sensitivity
of the EPR signal to small distortions in the surroundings
of a dangling-bond electron. A large fraction of the de-
fect might be slightly distorted because part of the defects
are located at places of different strain fields or nearby de-
fects like other dislocations, which distort the DLTS lines
only slightly but broaden the EPR signal very much. If
this is the case only a fraction of the DLTS centers would
give rise to well-defined EPR signals. This model is sup-
ported by the considerable line broadening observed for
the DLTS B line. Further experimental data are needed
for a final decision on this question.

V. CONCLUSIONS

DLTS measurements of deep energy levels in PD n-
type silicon show that different types of defects are creat-
ed. First, there are point defects located in the vicinity of,
or inside, the dislocations, which therefore show broad
peaks and unusual filling behavior. Strong evidence has
been given that the B and D levels are of this type.
Analysis of these levels in a point-defect model has re-
vealed that these acceptor levels are broadened in a strain
field of the dislocations, that the levels have well-defined
emission rates, and that the levels have temperature-
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independent capture cross sections with magnitudes typi-
cal for neutral defects. Furthermore, the enthalpy, entro-
py, and Gibbs free energy for the point defects have been
determined, and improved concentration determinations
have been used to investigate how the dislocation proper-
ties influence the capture kinetics of the point defects.
The observed logarithmic capture process has been
described in a model, characterized by a Coulombic po-
tential ¢(¢), which has been determined as a function of
the filling time of the defects.

Second, there are another type of defect (the C lines)
which shows, in many respectve, different properties com-
pared to those discussed above. Its filling behavior is very
complex. and cannot be determined unambiguously. It
occurs in all samples containing dislocations and its con-
centration is roughly proportional to the dislocation densi-
ty, as already observed previously in Ref. 3. It is therefore
believed to be directly related to the dislocations.

From a comparison of the DLTS lines with the EPR
centers, it is argued that the D line (DLTS) can be corre-
lated with the Si-K1/K2 “dangling-bond” center. This is
supported by formation and annealing behavior, the ener-
gy level determined by photo-EPR, and from the mea-
sured concentrations.

It is also suggested that the C line might be related to
the Si-R center.!* This is based on the observed stability
upon annealing, and the direct correlation with disloca-
tions, which has been established for both defects.

The suggested correlation of the B line (DLTS) with the
Si-K7 center does not appear to be supported by the mea-
sured defect concentrations. EPR spin densities are about
an order of magnitude lower than the concentrations es-
tablished for the B line. An explanation which can solve
this discrepancy has been suggested, involving lack of
EPR detection of part of the defects due to strain
broadening.

This paper might establish a basis for further qualita-
tive and quantitative work in this field toward a micro-
scopic understanding of the electrically active defects at
dislocations in silicon.
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