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ABSTRACT

Enerdy levels of defect states introduced by plastic deformation of
n-silicon have been studied by capacitance transient spectroscopy. From the
observed properties of the defects, it is concluded 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 broaden-
ings. 1In addition, this analysis allows the determination of accurate defect
concentrations. From the improved concentration measurements it has been
possible to determine the dependence of the repulsive potential (responsible
for the unusual capture mechanism) on the filling times during the capture
process. The second type of defects seem to be directly related to disloca-
tions, but their physical properties could not be determined unambiguously.
Comparison of the DLTS and EPR results allowed tentative identification of the
different DLTS lines with particular EPR spectra, and thus to conclude on the
microscopic models for different defects. The quantitative comparison of de-
fect concentrations measured by DLTS and EPR also suggest§ that in strongly
deformed silicon part of the EPR lines might be broadened due to imperfections

in the lattice surrounding the paramagnetic center.



1. INTRODUCTION

Plastic deformation of silicon produces a complex spectrum of lattice
defects, many of which are connected with energy levels deep in the band-
gap]-g. 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. 1In
addition to dislocations, point defects and point defect clusters, generated
during the dislocation motion or by dislocation interaction, can be formed. .
A1l of these imperfections can be electrically active, and it is well
established that plastic deformation results in the appearance of donor as
well as acceptor states. The electrical 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

10. However, the recent use of spatially resolved8 and of

the dislocations
spectroscopic techniques allows us to determine the microscopic nature of
these electrically active defects. Electron Paramagnetic Resonance

11-14

(EPR) , Deep Level Transient Spectroscopy (DLTS)2_7 and Photo-lumines-

cence15‘]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

microscopic identification of the defects involved, and the correlation of

these defects with the properties observed with various techniques.

The EPR technique has proven to be the most successful technique for the

identification of lattice defects in semiconductors, especially silicon. EPR

of dislocated silicon has been reported in papers from various groups]]-]4,



of which ’cwo”"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 only give information on the deep levels located in
the band gap, showed in plastically deformed (PD) silicon a complex spectrum
of broadened lines, which all show very unusual non-exponential capture beha-

4-7 Recently, a first attempt6 has been made to correlate the vari-

vior
ous EPR and DLTS spectra, based mainly on a comparison of formation and anneal-

ing 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-silicon. DLTS data will be presented,
showing how the electrical properties change with different deformation and
annealing procedures. It will also be shown how a complete analysis of some
of the DLTS 1ines gives detailed information on the physical properties of the
defects and allows to suggest the type of defect (point defects or disloca-
tions) 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 measurements, we will, finally,

suggest microscopic models for some of the centers.

I1 EXPERIMENTAL

For the experiments, n-type float-zone silicon single crystals (Wacker-

15

Chemitronic) were used, with doping levels of 1-10x10 phosphorus/cm3.

The grown-in dislocation density was 1—5x104cm_2.

Plastic deformations
were made in static compression along [213] in a reducing atmosphere of form-

ing gas (92%fN2, 8% H2). "Standard" deformations were performed at 650°C



with a resolved shear stress of 30 MPa. High stress deformations yielding a
high concentration of straight dis]ocations18 were performed with 300 MPa at
420°C, after a predeformation at 850°C. Experimental details of the sample

preparation and deformation procedure have been described previous]ylg.

Schottky diodes were produced by evaporating Au Schottky contacts and
GaAl-alloy ohmic contacts on freshly etched crystals. The diodes were
characterized by I-V and 1/c2-v measurements and only diodes with low leak-
age current, homogenous doping profiles and low series resistance were used

for further investigations.

The deep level emission studies were performed with a DLTS system de-
scribed in Ref. 20. For capture cross section measurements two different DLTS
systems were used. For filling pulses larger than 100 ns the system in Ref.
20 was used, but for smaller filling pulses a specially designed DLTS system,
which is almost 50 ohm matched, was used. This system consists of a fast
pulsgenerator which has rise- and fall-times less then 250 ps with a maximum
amplitude of 50 V. This slightly modified pulsgenerator provides variable
pulse frequency from 1 to 500 Hz as well as single shot facility. The capaci-
tance 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, providing 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 risetime less than 250 ps that measures the

current through the diode. The voltage and the current over a typical diode



used in this investigation is shown in Fig. 1. From such figures it is possi-
ble to directly determine the shortest pulses that can be used for capture

measurements with respect to the diode RC-constant.

I1] ELECTRICAL MEASUREMENTS

I11.1 Theoretical background

For a level deep in the bandgap the energy position, the thermal emission

rate e p and the capture cross section ° p are related by the expression
21,

derived from the principle of detailed balance

en,p = °n,p<vth>Nc,vexD[_AGn,p/kT] (M)

Here Nc v is the effective density of states in the conduction band or

’

valence band, <v h> is the average thermal velocity of the charged carrier

t

and AGn D is the change in the Gibbs free energy needed to emit an elec~

tron 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 p—TASn (2)

If corrections for the temperature dependence of the capture cross section,

are made, and it is observed that <vth>Nc v is proportional to T2 it

follows from Eq. 1 and Eq. 2 that the enthalpy is obtained from an Arrhenius

n,p’

plot, i.e. log [en p/(o pTz)] vs 1/T. 1If the capture cross section is temper-

n,



n th>Ncexp(AS/k)),’can be used to

calculate the entropy term, and AG can be obtained from Eq. 2.

ature independent the prefactor, Apf (= o.<v

A convenient method to obtain data on the thermal emission rates and

capture rates are the space charge techniqueszz. Using'these techniques the

change in the capacitance signal caused by a change in the electron occupancy
of a deep energy level in the space charge region of a junction barrier can be
used to measure absolute values of e and o, . The capacitance of a

n,p n,p
n-Schottky junction is

C(t) = (1/2) (A%qee N, 1/12(V V) 1} /2 (3)

where A is the area, e, the dielectric constant, VD the diffusion voltage,
VR the reverse bias and Ni = ND+NT-nT(t) the concentration of ionized defects.

ND is the shallow doping concentration, N, the deep level concentration

I
and nT(t) is 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 (NT << ND):

1/2

C(t) = (1/2)[[A2cho]/[2(VD+VR)ND]} N {1-exp(-e 1)) (4)

23

wWhen using DLTS™ this capacitance transient is sampled by two gates (Boxcar

DLTS) at times t]

as a function of temperature. This gives one peak for each deep level, where

and tz, and the difference AC = C(t])—C(tz) is monitored

the peak position Tmax corresponds to e, = 1n(t2/t1)/(t2—t]). By changing

t, and t2 the peak position (Tmax) will shift and e, can be obtained as a

1
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

T

Ny = (2/a)Ny(aC . /C ) (5)

where Co is tﬁéthtal capacitance from the junction, Acmax the maximal DLTS
signal and o is a correction factor introduced by the sampling procedure of

the exponential transient. For a more accurate determination of the concentra-
tions 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 included. 1In this case NT is modifyed by dividing Eq. 5 by24

B = 1—(2k/W(VR)){1—C(VR)/C(V0)}—{C(VR)/C(VO)}2 (6)

Here B is the part of the space charge region (W) where the fermi~level is

above the deep energy levels and V0 is the voltage during the filling pulses.

In many cases it has been noted that the observed transients are, for non-
trivial reasons, non-exponential, which gives a broadening in the measured
DLTS peakzs. This is particularly true for defects in PD semiconductorss.
Thermal emission rates and activation energies 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 by25

C(t) = T g(Eai)Coexpl-en(Eai)tldEai v
0

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



172 2,,027
9(E, ;) = (/s(am) " ")exp[-(E €, ) /257] (8)

Here 25(21n2)]/2 is the full-peak-half-width (FPHW) of the broadening of the
energy level. 1In this model the thermal emission rates and activation energies
can be deduced as in conventional DLTS spectroscopy (one observes the mean
energy an in the distribution) even though the transients are strongly non-
exponential. Furthermore, thé energy distribution and the corrected deep

level concentration can be calculated from the observed DLTS spectrum. Even
though the application and verification of the model has been performed in

25, it has been predicted that this model should also be useful in

alloys
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 deduced from the

change in the DLTS signal AC as a function of filling times tp according

to22

AC(tp) (ConT(tp)/ZND)[exp(—tzen)—exp(-t]en)]

Acmax[1—exp(—n<vth>ontp )] (9)

i.e from a plot of log(AC) vs tp one can calculate % if n and <Vth> are

known. For defects in PD material experimental results show that the capture
kinetics is more complicated, and as a result of experimental studies of photo-
conductivity in PD semiconductors, a model which discusses the capture kine-
tics in terms of carrier recombination to defects which are located either as
point defects in the vicinity of the dislocations, or alternatively in the dis-
location core, has been proposed26 (see Fig. 2). In this model, which has

been applied to DLTS results in Ref. 5, the capture kinetics is described by a
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time dependent Coulomb-potential, ¢(t), which reflects the number of charges

captured at the dislocations. The rate equation for the capture of electrons

can in this case be described by5

dnT/dt = (NT—nT)n<vth>anexp(-(q¢(tp))/kT) (10)
an expression which is valid for all filling pulses.

I11.2 Experimental results

Silicon samples plastically deformed at 650°C showed a dislocation density

increasing with deformation, with values ranging from 107 - 109cm2, as

shown in Fig. 3. For small dislocation densities, the values in Fig. 3 can be

well described by the microdynamic description of creep27

2

a-= ths[-(AilN 1.s)/ts--\n('l-(l\i»’N )/TS)}/KAi (1)

d dis
with a being the resolved shear strain, T the resolved shear stress, Ndis the

dislocation density, Ai the interaction parameter determining the maximal

2

_ 2 . .
dis,max"s /Ai }, and K a parameter which describes

dislocation density (N
dislocation multiplication. The dislocation density is doubled, if each dislo-
cation moves by 1n2/[K(rs-AiINdis)}. The reduced shear stress, tS‘AideiS. is
the efféctive shear stress acting on the moving dislocation. A good fit to the
data for Iow dislocation densities can be obtained with:

A, = 6.5x107% kp/m

K=4.8 mm/kp
The Ansatz (Eq. 11) describes plastic deformation in the first part of the

creep curve with most dislocations being mobile. Therefore, it is not sur-
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prising that strongly deformed crystals show clear deviations, which cannot be

fitted satisfactorily by another choice of parameters.

For the weakly deformed material the electrical properties remained
essentially the same as for the virgin material, i.e. with a homogenous carrier
concentration corresponding to the doping level, low leakage currents and low
series resistances in the Schottky-diodes. However, the degp level concentra-
tion changed with deformation and typical DLTS-spectra from three different de-
formations are shown in Fig. 4. The different deformations introduced similar
defect state spectra, with apparently four traps, labelled A,B,C and D in Fig.
4. With this type of deformation, the lines of traps B and D are a1ways
clearly resolved while the lines A and C are more complicated to analyze be-
cause of the relatively low concentrations. Traps similar to line C have been
previously found to dominate DLTS spectra of samples deformed at higher temper-
atures. Therefore, several attempts have been made to produce samples contain-
ing isolated C peaks. The DLTS-spectra from samples that have been subjected
to high temperature deformation, low temperathre deformation and annealing
procedures, respectively, are shown in Fig. 5. It is obvious that the A, B
and D peaks are reduced or completely annealed, which results in a more pro-
nounced C-peak. The shape of the unusually broad C-peak was found to be
strongly dependent on the deformation/annealing treatment of the crystal, and
in fact, seems to consist of at least two lines, labelled 01 and C2 in
Fig. 5. The thermal emission rates (T2—corrected) are in Fig. 6 plotted vs
the inverse temperature for the different peaks shown in Fig. 4 and Fig. 5,
and the calculated apparent activation energies and pre-exponential factors

can be found in Table 1.

It has often been observed that the defects in PD silicon show a character-
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istic, non—exponenfial, electron captures. Thfs effect is sometimes refered
tO?éSilogarithmic fi]]ing‘since'the number of filled deep levels is proportion-
a1\f$;the logarithm of the filling time. 1In Fig. 7 is shown how the corrected
(1—Qo1ume and strain-field broadening, see Sect. IV.1) concentration of the
deep levels in the-space charge region depends on the filling time tp for the

B level. For this level the logarithmic part extends over four orders of mag-
nitude, and determinés more than 60% of the capture to the defect. A similar
result is found fbr the D level. For shorter filling times tp the capture
kinetics changed for both levels, and is best described in a log(NT) Vs tp
plot. This is illustrated in Fig. 8 for the B level, and in Fig. 9 for the D

level.

IV _DISCUSSION

IV.1 DLTS results

The DLTS spectra in Fig. 4 and Fig. 5 show similar complex defect spectra as in
earlier investigations of PD n-type siliconz_s. It should, however, be noted
that the B and D levels are in our material more clearly resolved than in‘pre—
vious investigations, which made it possible to perform a detailed investiga-
tion of these lines. .On the other hand, the A level was both disturbed by the
B line, and appeared in low concentrations, and could therefore not be ana-
lysed in qetail. Only Ref. 5 presents the "fingerprints," i.e. the thermal
emission rates vs inverse 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 PD gives rise to the same defect levels as in our material. The

thermal emission rates have also been calculated directly from the DLTS
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spectra shown in Refs. 2,4 and the results are plotted in Fig. 6. Even though
the activation energies given by different groups differs, it is clear from
such a comparison (Fig. 6) that PD gives rise to the same group of deep energy
levels in different materials. We believe this is a better way to compare
different defect state spectra from different groups, than using only the
activation energy and the prefactor. For instance, the activation energy from
Ref. 4 differs substantially from the values found in this paper and in Ref. 2
and Ref. 5. Théir 0.18 eV line is very different in thermal emission rates
(five orders of magnitude) from our A-line (0.19 eV), while their 0.28 eV line
is almost identical to our A-line, but very diffefent from our 0.29 eV level
(B-1ine). This is obviously a source of great confusion when discussing these
spectra, and we therefore suggest that the Arrhenius plot should be used,
together with the activation energy and the prefactor, as an identification
mark for defects in silicon. This "standard" to compare deep energy levels

has been used for a long time in GaAsze.

A careful analysis of the thermally stimulated capacitance transients, and
of the line width of the observed DLTS peaks, shows that all peaks are built
up from non-exponential transients which, as already discussed in Sect. III.1,
makes the deduced thermal emission rates, activation energies and concentration
measurements unreliable. Based on earlier suggestions on the origin of the
deep levels in PD materia]29 it is now assumed that some of the deep levels
are point defects located in the vicinity of, or inside, dislocations. Such
deep levels would experience different strain fields, and therefore the mode)
for broadened deep energy levels (Eq. 7 and Eq. 8) would be applicable. Using
as input parameters the actual DLTS setting (t] and tz) and the apparent
activation energy (an) deduced from Fig. 4 (see Table 1), and as fitting

parameters the capture cross section (which adjusts Tmax) and the broadening
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of the energy level (S), it is possible to fit the experimental results for
the B and D levels, as shown in Fig. 10 and Fig. 11. These results suggest
that the measured e and Ea for the B and D centers are actually the true
values (within the model), and also that the concentrations, NT’ 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. A1l data from
this fitting are presented in Table 1, and typical concentration values are

also included in Table 2.

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 ¢(t).
Keeping in mind that our majority carriers are electrons it is concluded that
both the B and the D levels are neutral centers when empty and negatively
charged when filled, i.e acceptor levels. For small occupation numbers the
potential ¢(t) 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 filling pulses, showed that this is in agreement with the
observed data for both the B level (Fig. 8) and for the D level (Fig. 9).
Using Eq. 9 it is possible from these data to calculate the point defect cap-
ture cross section for the B and the D levels. The results are presented in
Fig. 12, where it is shown that the capture cross section is temperature inde-
pendent for both levels in the investigated temperature range. The deduced
values are given in Tap]e 1.

Since we have used a Acma value (see Eg. 9) which is Acmax(tp: 125 ns)

X

when plotting the data in Fig. 8 and Fig. 9, and the filling curves neverthe-
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Tess are exponential over one order of magnitude, we conclude that the filling
of the defects is preferential, i.e only certain defects are filled with elec-
trons during the "point defect stadium". This might be due to the fact that
some defects are located in regions where the conduction band is lower, e.g.
due to strain fields (this is one way to visualize the alloy broadening model
described in Sect. III.1), thus giving rise to fast capture from the perco-
lating electrons. Another possible explanation is that once a defect has cap-
tured an electron, it prohibits further capture to nearlying defects through
electrostatic repulsion. This might be possible since the defects are located

very close to each other around (or inside) the dislocations.

The directly measured values of capture cross sections agree reasonably
with those values obtained from the fitting procedure of the broadened DLTS
peaks. As shown in Table 1 the values from the fitting are only three 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

30

capture to neutral point defects™ . This is in agreement with the acceptor

picture as discussed above.

For long filling times, tp, the electrons that are going to be captured
feel the repulsive charges from the already captured electrons. The total
negative charge is built up, and ¢(t) increases to a saturation value, when
all centers are filled. From Fig. 7 it is clear that Ny = k*]n(tp). This

gives together with Eq. 10
q¢(tp) = kT[1n(NT—nT)tpn<vth>on]—1n(tpdnT/dtp) (12)

Having accurate values of the concentrations and the point defect capture
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cross sections o it is now possible to calculate ¢(t) as a function of

tp; The results of such calculations for the B and D levels are presented
in Fig. 13 for short filling times (tpstO ns) and in Fig. 14 for long fill-
ing times (tpsj ms). The values of ¢(tp=100 us) are compared in Table 1

5, who estimated the values of the

with the values found by Kveder et al.

potential for this filling time.

Since both the temperature dependence of the emission rates and the temper-
ature dependence of the capture cross sectioﬁs are measured, it is possible to
determine the ionization enthalpy for the B and D levels. Due to the tempera-
ture independence of the capture cross sections, they are, of course, identi-
cal with the activation energies deduced from Fig. 4 and given in Table 1.
Using Eq. 1, Eq. 2, the enthalpy from Fig. 4 and the prefactor given in Table
1, it is furthermore possible to estimate the entropy and calculate Gibb's

free energy. These calculated values are presented in Table 1.

Despite the many similarities between the B and the D levels they must,
however, be due to distinctly different defects as their relative concen-
tration is strongly dependent on the dislocation density. Samples with small
dislocation densities, and especially with dominantly straight dislocations,
contain only small or even undetectable concentrations 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 properties influence
the basic physical properties of the isolated point defects. If so, the ex-

pression for detailed balance, Eq. 1, should be modified to (see Eq. 10):

e = o <v

n n<VapN exp[-26/kT]Jexp[-#(t)q/kT] (13)
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Since the capture is stroqg]y dependent on the filling time tp, the emission
would be as sensitive to the used filling time during the measurements. The
difference in activation energies measured with long and short filling times
would therefore be abéut ge(t), i.e. 140 meV for the B level and 260 meV for
the D level (see Fig. 14). Measurements, using 0.1 s and 100 ns filling
pulses, showed, however, no difference in the emission rates or in the acti-
vation energies for the two defects. This indicates that Eq. 1 is the valid
expression for the point defects investigated, and that the dislocations influ-
ence the measurements of the point defect properties rather than the proper-

ties 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 different lines, C] and Cz, which can be separated by
using different fiiling times during the measurement. These lines show prop-
erties which are clearly different from the B and D lines. It was, for in-
stance, 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
can not be perfectly described with the models described in Sec. III.1. It
is, however, interesting to note that the activation energies for c] and

C., are very similar, while the prefactors are very different. One possible

2
interpretation is that the two lines originate from identica]_defects located
in different surroundings in the crystal, which could give rise to different
capture cross sections (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 proportion to the dislocation density3 and the corres-

ponding defect has therefore been suggested to be located in the dislocation.
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It should also be noted that the values (en, Ea and NT) determined for
the C1 and C2 lines (and the A line) are apparent values, since the origin
for the nonexponentiality of the measured capacitance signal is unknown in

these cases.

IV.2 Comparison with EPR

The EPR spectra of plastically deformed silicon have been described in

6'14. In summary, "standard" plastic deformation of undoped

detail recently
silicon results in the formation of at least seven distinguishable EPR centers,
of which only four have been investigated in detail, namely Si-K1/K2 and

13 and S1’—r1:]4

Si-K3,K4,K5,. The spectra Si-Y contain the largest numbers of
unpaired spins and the anisotropy of their g-values indicates a correlation
with dislocations. The spectrum Si-K1/K2 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=1/2, Si-K1)

or two (S=1,S1-K2) electrons. Photo-EPR studieSS]

allowed its energy levels
to be located near the middie of the band gap. Both the Si-Y spectrum as well
as the Si-K1 spectrum are shown in Fig. 15. The spectra Si-K3, Si-K4 and
Si-K5 show no relation to the dislocations. They have therefore been iden-
tified with point defect clusters produced during fhe deformation. The EPR
spectra Si-K6 and Si-K7 occur only in p-type or n-type silicon, respectively.

They can be ascribed to impurity atoms in the dislocation cores.

Samples deformed at high temperatures (7>0.6 Tm) and samples annealed at
high temperature after "standard" deformation exhibit only a small fraction of
the broad line Si-Y. This remaining, thermally stable part has been labelled

Si-R in Ref 14. Deformation at low temperatures but under high stress
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(e.g. 420°C, 300 HPa)'results predominantly in straight dislocations. Thése
samples with small total dislocation density (~107cm—2) do not show any

of the dangling bond-type EPR centers (i.e. Si-K1 to Si-K5 and Si~-Y). 1In doped
material, however, this kind of deformation produces Si-Ké or Si-K7 centers.
Very recent investigations of crystals deformed in this way, but up to high
dislocation densities, showed the appearance of the Si-K1/K2 centers with

concentrations proportional to the total strain]4.

Comparing the DLTS spectra with the EPR spectra, only the DLTS line D,
which is dominant in strongly deformed silicon ("standard" deformation, high
dislocation density), shows characteristics which are comparable to Si-K1/K2.
Both are produced during deformation at intermediate temperatures and anneal
at 800°C. Photo-EPR of Si-K1/K2 showed directly the existence of a midgap
level of this center3]. In addition, the concentrations of the EPR center
Si-K1/K2 are well comparable to the DLTS line D, see Table 2. A correlation
of the DLTS D-line with the point defect spectra Si—K3,K4,K$, which appear in
concentrations similar to Si-K1/K2, cannot be definitely ruled out at_present;
However, Si-K3,K4,K5 have all been identified as point defect clusters not in-

]]. On the other hand, the DLTS D-line shows clearly

fluenced by dislocations
logarithmic filling behavior characteristic of a defect inside or close to dis-
locations, so that the correlation of the D line with Si-K1/K2 appears to be

more likely.

The DLTS C lines appear even in silicon crystals deformed 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 defect
seems to be directly related with dislocations, as it is detectable in all

samples containing dislocations. 1Its concentration could not yet be precisely
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determined because of the complex relaxation behavior of this spectrum]4.
Since also the C line (DLTS) is directly proportional to the dislocation
density3 it appears to be likely that the C line and the Si-R spectrum origi-
nate from the same defect at dislocations. Its microscopic nature, however, is

not yet clear.

The line B 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 defect 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 concen-
tration of the B trap. This casts some doubt on the identification of Si-K7
with the B line suggested previous]ye. The concentration difference might,
however, be explained by the sensitivity of the EPR sigha] to small distor-
tions in the surroundings of a dangling bond electron. A large fraction of
the defect might be slightly distorted because part of the defects are located
at piaces of different strain fields or near-by defects like other disloca-
tions, 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 supported by the considerable

line broadening observed for the DLTS B line. Further experimental data are

needed for a final decision of this question.

V_CONCLUSIONS

DLTS measurements of deep energy levels in PD n-silicon show that different
types of defects are created. 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
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levels are of this type. Analysis of these levels in a point defect model has
revealed that these acceptor levels are broadened in a strain field of the dis-
locations, that the levels have well defined emission rates , and that the
levels have temperature independent capture cross sections with magnitudes
typical for neutral defects. Furthermore, the enthalpy, the entropy, and
Gibb's free energy for the point defects have been determined, and improved
concentration determinations have been used to investigate how the dislocation
properties influence the capture kinetics of the point defects. The observed
logarithmic capture process has been described in a model, characterized by a
Coulombic potential ¢(t), which has been determined as a function of filling

time of the defects.

Second, there are another type of defects (the C lines) which show, in many
respects, different properties compared to those discussed above. Their fill-
ing behavior is very complex and can not be determined unambiguously. They
occur in all samples containing dislocations and their concentration is roughly
proportional to the dislocation density, as already observed previously in Ref;

3. They are 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 correlated with the Si-K1/K2 "dangling bond"
center. This is supported from formation and annealing behavior, the energy

level determined by photo-EPR, and from the measured 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 corre-

lation with dislocations, which has been established for both defects.
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The suggested correlation of the B line (DLTS) with the Si-K7 center does
not appear to be supported by the measured defect concentrations. EPR spin
densities are about an order of magnitude lower than the concentrations estab-
lished 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 set a frame for further qualitative and quantitative work

in this field towards a microscopic understanding of the electrically active

defects at dislocations in silicon.
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Table 1: Parameters of electron traps in plastically deformed silicon

a+6 (tp= 100us)

[meV]
trap E, ") G o) o Y Apf5) L oM aS/k 86
this Ref
[ev] (mevl  [cm?] (s~ [cm?] work  [517) [ev] [ev]
A 0.9 - - - 4.2x106 - - - -
B 0.29 1.78 52 1.5x10-16  8.0x106 7x10-16 120 180 0.29 1.3 0.31
C; 0.52 - - - 2.9x109 - - - - - -
C, 0.5 - ~ - 1.5x108 - - - - - -
D 0.54 1.18 38 2.0x10°16 5 6x107 6x10-16 220 360 0.54 3.2 0.61

1) activation energy, T2 corrected

2) correction factor of trap concentration: Ny = «x Npeasured
3) full peak half width, see eq. (8),(9)

4) obtained from DLTS fitting

5) prefactor: op<vip>Ncexp(AS/k)

6) obtained from direct filling measurements

7) Ref. 5 gives: qp(tp = 100us) + In(ny/N7)



Table 2: Defect concentrations in plastically deformed n-Sil), measured by OLTS and EPR

dislocation sites in the DLTS EPR
density dislocation core2) ;;;;—; ——————— ;;;;—ES; ————— ;;;;—B S;:;;;;; ----- ;;:Q;—
[em™2] [cm™3] [cm3] [em3) [em™3] [em™37 [cm™3]
5x107 3x1015 1.2x1014 2.3x1013 5.0x1013 4.3x1013 1.0x1013
2x108 1x1016 2.3x1014 5.0x1013 1.0x1014 1.2x1014 1.7x1013
6x108 4x1016 3.7x1014 6.2x1013 1.9x1014 2.0x1014 2.0x1013

1) 4x1015p/cm3 material, deformed at 650°C in static compression with a resolved shear stress of 30MPa.

2) Taking into account dissociation into two partial dislocations.

3) The complex nature of this trap allows only to give uncorrected, apparent concentration values.

_92-
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FIGURE CAPTIONS

The measured voltage across the diode and the measured current
through the diode for a 42.5 ns filling pulse. The half-width value
of the current spike is related to the RC-product of the sample,
which for this sample gives an RC-product of 2.2 ns. The shortest

useful pulse—width for this sample is therefore ~10 ns.

An illustration of the model with point defects located inside, or
around, dislocations. The situation for small occupation numbers
(nT/NT = 0) resembles that for isolated point defects, while the
higher occupation numbers give rise to a repulsive potential
¢(tp),which is a function of occupation of the deep levels, i.e.

a function of filling time tp during capture measurements.

The measured dislocation density as a function of deformation. 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.

DLTS spectra for differentjy plastically deformed n-silicon using
“standard" deformation (see Sect. II). The indicated concentrations
are only approximative values since none of the correction methods
mentioned in Sect. III.1 have been

used in this figure. The gate times are f]= 3.6 ms and t2= 15.6 ms,
which gives a rate window of 122 s

DLTS spectra from samples which have been subject to different forms
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of treatments in order to produce isolated C lines. a) "standard

deformation (2.7%) followed by 30 min. anneal at 850°C (n=4 1015cm—3

3

),
b) deformation (2%) at 850°C (n=9 10" 3em ), ¢) high stress
deformation (0.2%) at 420°C after a predeformation at 850°C

3

(n=1 10" 9em” ), 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=1 1015cm;3)

Thermal emission rates (T2 corrected) vs inverse temperature for
the different DLTS peaks observed in Fig. 4 and Fig. 5 (solid
lines). Also included are the data from Ref. 3 (w), Ref. 4 ( - - - )

and Ref. 5 (e« » ).

The corrected concentration of filled deep levels, Ny» s a func-
p’ for the B level (T=144 K, 1.5% deforma-
tion). The straight line indicates the region where N is propor-

tional to ln(tp), which is used for the calculations in Sect. IV.1.

The capture behavior for short filling pulses for the B level (1.5%
deformation). The straight line indicates the exponential filling,

according to Eqg. 9.

The capture behavior for short filling pulses for the D level (1.5%
deformation). The straight line indicates the exponential filling,

according to Eq. 9.

Theoretical fits (o) to the experimental spectra (solid line) of the

B level. The thermal activation energy an= 0.29 ev (from Table
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1), the broadening parameter S=22 meV, and a capture cross section of

1.5¢10"'%em? was used to adjust the peak position.

Theoretical fits (o) to the experimental spectrum of the D level.
The thermal activation energy an= 0.54 eV (from Table 1), the
broadening parameter S=16 meV, and a capture cross section of

2-10_"’cm2 was used to adjust the peak position.

Capture cross sections for electrons vs inverse temperature for the B
and D levels. The straight lines indicate the temperature indepen-

dence.

The repulsive potential q¢(tp) plotted vs filling time tp for
the B and D levels. This figure shows the behavior for short filling

times.

The repulsive potential q¢(tp) plotted vs filling time tp for
the B and D levels. This figure shows the behavior for long filling

times

The EPR signals from “standard" deformation show a mixed signal from
the Si-Y and the Si-K1 spectra. These signals have been separated by
cutting out certain parts of the spectrum obtained by Fourier trans-
formation, and subsequent inverse Fourier transformation of the sepa-

rated partsaz.
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