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Inhomogeneities in plastically deformed silicon single crystals. I.
ESR and photo-ESR investigations ofp- and n-doped silicon
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A quantitative analysis is given for three distinguishable effects contributing to inhomogeneities
of the band gap of plastically deformed and doped silicon: (a) capture of charge from the chemical
dopants to deep-point-like defects, (b) capture of the charge by deep defects in the core of disloca-
tions, and (c) capture of the charge into states split off from the band edges that are caused by the
presence of dislocations in the crystals. In crystals deformed below 700'C process (a) dominates
and it gives rise to local shifts of the band edges. Contributions from processes (a) and (b) can be
distinguished by only analyzing the ESR spectra of the deformed samples, but they do not lead to an
accumulation of delocalized charge along the dislocations, which, in the case of process (c), is shown
to be evident from the appearance of electric-dipole spin resonances. Observation of the last pro-
cess requires special deformation procedures that produce straight dislocation segments.

I. INTRODUCTION

There is a considerable amount of work done in the
field of doping effects on the defect spectrum of deformed
silicon. It is reviewed in Refs. 1 and 2. One of the major
goals of these studies is devoted to the question of how
large the charge captured by dislocations could be?
However, its determination is related with uncertainties
because it is necesary to know which of the deformation-
induced defects should be attributed to dislocations. It is
a well-known fact that apart from dislocations and relat-
ed defects plastic deformation introduces a large concen-
tration of ordinary point defects into the crystals which
can be separated by means of special detection tech-
niques. Electron-spin resonance (ESR) is one of the few
suitable tools to distinguish between both types of de-
fects. Trying to understand the electrical properties of
deformed crystals a quantitative analysis of the contribu-
tion from both types of defects is necessary. This re-
quires us to link the structural information obtainable
from ESR spectroscopy to electrical measurements such
as deep-level transient spectroscopy (DLTS) and it is pos-
sible using photo-ESR because, thereby, a particular ESR
signal can be related to a certain energy level in the band
gap.

In phosphorous-doped silicon the concentration of
electrons trapped in deep states can be determined by the
decrease of the P ESR signal as long as the energy levels
are deeper than the shallow P donors (E,—0.045 eV),
because the reaction P ~P++e takes place. Since there
is agreement that plastic deformation of n-type silicon
leads to the formation of deep acceptorlike states, the in-
vestigation of the P ESR signal will be used extensively.
The ESR signal of the shallow acceptors in p-type materi-
al is rather sensitive to deformation-induced strain fields,
which is why such an analysis is not possible in this case.

The paper is divided into two parts. In the first part

ESR and photo-ESR results are presented. The second
part deals with DLTS measurements. In particular we
tried to investigate comparably deformed or identical
samples by ESR and DLTS, which required special ESR
detection modes (Sec. II) and certain doping levels be-
cause very often both methods exclude each other:
DLTS requires doped samples but conducting samples
destroy the quality factors of the cavities used for the
ESR measurements.

It is the goal of this paper to show quantitatively that
three distinguishable types of defects compensate shallow
dopants. In crystals deformed below 700'C the dominant
compensating defects are point defects (type I). Their
concentration clearly exceeds the concentration of the de-
fects in the core of dislocations (type II; Secs. III A and
III B). A dependence of the P -ionization on the initial
doping level is used to show that the deep-defect distribu-
tion is inhomogeneous with respect to the distribution of
the dopants (Sec. III C). Photo-ESR confirms the results
and provides a tool for the separation of deep from shal-
low deformation-induced defects (type III; Sec. IIID).
This distinction finds additional support by use of special
deformation procedures (Sec. III E). A quantitative
determination of defect concentrations is possible if the
inhomogeneous defect distribution is taken into account
(Sec. III F).

II. EXPERIMENTAL PROCEDURES

Samples of the size 4X4X16 mm were plastically
compressed along their long [213] axes at T&=650'C,
which favors a single slip in the main slip system[011],
(111). Only the central homogeneously deformed parts
of the crystals were used for the experiments. Table I
lists the material properties and the deformation parame-
ters of the samples.

In the progress of the investigations it turned out that
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TABLE I. List of deformed samples. Floating-zone silicon doped with boron or phosphorus. Initial
dislocation density =10 cm in all cases. Deformation temperature Td =650'C.

Sample

f
e

g
h

l

J
k

Doping (cm )

p =3X 10'

p =5X10"
p =4X 10"
p =4X10"
p =3.2X10'
p =4.8X10"
n =4.4X10"
n =4.4X10"
n =4.4X 10"
n =5X10'
n =4X10'

e=5l/1 (%)

2.8
5.0
7.5
2.8
2.7
3.0
5.7
3.8
2.8
5.7
2.8

~ (MPa)

30
30
40
30
30
30
60
30
30
30
30

Gas amb.

N~ (92%),H~ (8%)
N~ (92%),Hp (8%)
Np (92%),H~ (8%)
N~ (92%),H2 (8%%uo)

N2 (92%),H2 (8%)
Ar

N2 (92%),H2 (8%)
N2 (92%),H2 (8%)

N2 (92%), H2 (8%)
Ar
Ar

the presence of hydrogen in the forming gas atmosphere
(92% N2, 8%%uo, Hz) during the deformations may affect
the defect spectrum. This is why part of the samples
were deformed in argon atmosphere later on. However,
it has been shown that a special deformation procedure is
required to introduce molecular hydrogen into the crys-
tals which was not used here. Nevertheless, the gas am-
bient is listed also in Table I. Annealing experiments at
800'C were done in a forming gas atmosphere and the re-
sults turned out to be not different from those of control
samples annealed in argon.

The ESR measurements were performed with a
modified Bruker BER 420 I-band spectrometer which al-
lows for lock-in detection of dispersion and absorption
signals with variable magnetic-field modulaton frequen-
cies u (100 Hz ~ u ~ 100 kHz). In deformed intrinsic
silicon the two signals, namely, the high-temperature
(HT) and the low-temperature (LT) signal, are related to
point defect clusters (including Si IC3, K4, K5, and penta-
vacancies) and to dislocation related defects (Si 1' and Si
K 1), respectively. Since both types of signals have
different spin-lattice relaxation times T& [with T, (HT
signal) ))T, (LT signal)] the HT signal can be detected
by ESR absorption measurements at temperatures
T ~ 80 K, only. Since doped samples are conducting at
such temperatures the skin depth 5 must be large com-
pared with the sample thickness to obtain ESR signals.
At doping levels of = 10' cm (5 = 1 mm) this could be
realized with samples of =100 pm thickness in the X-
band spectrometer. However, the recorded signals might
be smaller in such samples because the microwave fields
will be attenuated with increasing sample thickness and
signal accumulation was used to increase the signal-to-
noise ratio. For higher doping levels the signal detection
needs to be done in the freeze-out range of the free-
carrier concentration. From the analysis of the
deformation-induced defects in intrinsic silicon together
with some experimental tests it turned out that HT sig-
nals in doped samples can be measured best by detection
of their dispersion signals (go) in phase with the
magnetic-field modulation at 24 K and the LT signals by
either measuring the absorption at = 15 K or their
dispersion out-of-phase signals (y9o} at 8 K; the latter

detection mode having the additional advantage of
suppressing signals with other spin-lattice relaxation
times such as the P resonance which otherwise was sub-
tracted from the spectrum by help of a computer. Details
of the installation for optical excitation can be found in
Ref. 7.

III. RESULTS
A. Weakly doped samples ( [n], [p] ~ 5 X 10'~ cm )

The 300-K ESR absorption spectrum of the intrinsic
sample (a) is shown in Fig. 1, curve (a). Comparison
with Fig. 1, curve (c) demonstrates that n doping reduces
the signal of the otherwise equally deformed sample. It is
possible to generate different stages of the spectrum be-
tween the two curves [(a) and (c)] by controlling the
amount of strain which determines the number of deep
defects introduced by the deformation. Curve (b) shows
such an intermediate stage. Comparison of the three
spectra in Fig. 1 also suggests that there is only one new
signal marked by e. From its g value and its isotropy it is
attributed to the resonance of free electrons in the con-
duction band. The weakly structured signal of the doped
samples contributes to the background of the ESR spec-
trum in the undoped sample which could be revealed by
successive destruction of parts of the signal by hydro-
gen. '

Thus, the signal intensity is controlled by the effective
doping n, = (N, d N, ) (N,d

=con—centration of chemical
donors, N, =concentration of deformation-induced ac-
ceptors; we assume N, &)Nd with Nd =concentration of
deformation-induced donors because of the amphoterici-
ty of the deformation-induced defects to trap electrons in
n-type material and holes in p-type material as shown
later on}: the larger n, the more defects vanish from the
300-K signal. This indicates that the position of the Fer-
mi level E& determines the paramagnetism of these de-
fects. Figure 2 shows the temperature dependence of the
absorption spectrum of sample h. It can be seen that its
shape changes only a little in the temperature range 300
K~ T ~80 K. This is in contrast to what is known
from the intrinsic samples, where around T =220 K a
sharp change of the signal shape is always observable.
Thus, E+ controls this effect, too. The transition from
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T~=300K H II (111]

(a) UNDOFED Si Td =650'C, & =2.8'/. , ~=306+a

the HT spectrum to the LT spectrum between 80
K ~ T ~ 10 K remains the same just as in case of intrin-
sic silicon because it is caused by saturation effects. '

In addition it can be seen in Fig. 2 that the free elec-
trons detectable at 180 K freeze out on the phosphorus
atoms giving rise to the signal of isolated and neutral
phosphorus at 15 K the hyper6ne splitting of which is
caused by its nuclear spin (I =

—,'). The presence of this
signal proves that at least in part of the crystal Ez is close
to the level of the shallow donor.

A similar situation is detected in p-type samples: low
doping of strongly deformed samples leads to a similar
spectrum as that of the intrinsic material [Fig. 3, curve
(a), Fig. l, curve (a)]. The sharp lines of the 300-K spec-
tra increase with the effective p doping p, =(X„—Xd)
(X„denotes concentration of chemical acceptors; we as-
sumed in p-type material Nd ))N, because of the ampho-
teric property of the deformation-induced defects) and in
the central part of the spectra no additional lines appear
[Fig. 3, curves (b) and (c)]. However, at their wings a
series of additional (peripheral) anisotropic lines are
present that are rather similar to what has been reported
in Ref. 9. But they were not analyzed in this work. The
temperature dependence of the spectrum of sample (c)
(Fig. 4), in particular, also shows no change of the signal

Si:P I nj=4, 4x10' cm
Td =650 C, t=30MPa, E'=3.8%

H IIC1])j

180K

H

80K

15K

I I I I

g 2,030 2.020 2010 2000 1,990 1,980

FIG. 2. Temperature dependence of the ESR absorption
spectrum of sample h. P indicates the resonance of isolated
and neutral P atoms which are paramagnetic because electrons
from the conduction band (e) are frozen out on the donor atoms
at 15 K. The different noise of the spectra results from different
accumulations.

Si:B =300K Hilt:110

& =30%Pa
6= 5% (cl)

I p)= 5x)0+
clr) 3

(b) 5i:P(n)=4, 4x101 cm 3

aX"/aH

~=3.8%.~ =3QMPa

7=3(M a
& =2.8%

BX/BH b)
p) =4x1015

cm 3

H

(C) 5I:p[Oj=4,4x)0 ctTI 3
&=2,8%, K =3QMPa

Lz e
kJU4LA ~J~ - gp-f~~ "p ~ADVT' „ ikauh

I

c)
p) =4xlQi5

cm-3

2020 2.010 2.000 1.990

FICx. 1. ESR absorption spectrum of the intrinsic sample a
[(a)] and two n-type samples b [(b)] and i [(c)] (samples labeled
in Table I) measured at 300 K. Deformation parameters and
the initial doping concentration [n] are indicated. "e" marks
the resonance of electrons in the conduction band. The plotted
spectra are linearly scaled to a strain of a=2. 7%%uo for the pur-
pose of comparison.

g 2.Q30 2020 2.0&0 2.000 i.990

FIG. 3. ESR absorption spectra of the p-type samples b [a], d
[(b)], and c [(c)] measured at 300 K. Deformation parameters
and the initial doping concentration [p] are indicated. The
plotted spectra are linearly scaled to a strain of 2.7% and corn-
parable with Fig. l.
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ax')aH

Si:B (pj=4xlO' crn-3

Td =650 C, 'K&0MPa, 6 =7,5%
shape around T =220 C and at 15 K Si K1 and Si Y
can be recorded. From these measurements it can be
concluded as follows.

The change of the defect spectrum in intrinsic silicon
observable at =220 K depends on the position of the Fer-
mi level.

In the range of weak doping =10' cm the 300-K
ESR absorption signal is inAuenced by EF,' the largest sig-
nal is observed in p-type material while n doping leads to
a signal reduction.

iSOK

SOK

15K

I
I

2030 2,020 2010 2000 1.990 1.980

FIG. 4. Temperature dependence of the ESR absorption
spectrum of sample c. At 15 K the three sharp lines of the Si
K1 center can be seen on the background signal ca11ed Si Y. In
Fig. 2 they are superimposed by the P resonance and smaller in
comparison with Si Y.

B. Heavily doped samples ( [p], [n] ~ 5 10" cm 3)

In heavily doped samples the HT and the LT signal
was measured by detection of the dispersion signals for
reasons mentioned in Sec. II. Two typical spectra and
the dependence of the integrated signals ( A = fg'dH) on
the doping are shown in Fig. 5. In order to check wheth-
er photo-ESR is possible or not the samples were il-
luminated with white light at the detection temperature.
It can be seen that n doping reduces the HT signal up to
=75%%uo, there is a maximum in the weak p doping range
and the signal decreases for higher p doping. The HT
signals detected in materials with doping levels

p =n =5X10' cm are not included in the figure: In
the p-type material we observed Si K5 lines at 8 K which
is only possible if the spin-lattice relaxation time of this
point defect center (part of the HT signal) is strongly re-
duced by doping. In this case its intensity cannot be
compared with the one of the other samples because it
depends on T, . In the n-type sample it was just no longer
possible to separate the HT signal from the strong P res-
onance. With increasing n doping the HT signal can be

~ dark

o Ill UITI.

LT SlGNAL
T =8K/

HT SlGNAL
T~ =24 K

lh

C

I I I

g 2010 2,000 1,990 C

8

10 10 10 10 1Q 1Q 1Q1 10 10
I I g i I I I I I

p (cm-3) n(cm-3) p(cm-3 )

1Q
5 1Q1 1017

I I I

n(cm-3 )

FICi. 5. Integrated intensity A = fy'dH of the LT and the HT signals of samples a, d, e, f, i, j, and k. The inset shows the spectra
of sample e. Detection temperatures are indicated. The HT signal was measured in phase with respect to the magnetic-field modula-
tion frequency and the LT one with a phase shift of 90 (Ref. 6). Using the linear dependence of the signal intensities on plastic strain
(Ref. 6) the signals of all samples were scaled to a strain of @=2.7%%uo which is important for sample j, only.
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TABLE II. Concentration of ionized P atoms in deformed samples (Td =650 C; ~=30 MPa) with
difterent initial doping concentrations n. The inhuence of the gas ambient and of a predeformation
(Td =800 C; w= 8 MPa; e= 1.6%%uo) with a following annealing procedure (t, = 16 h) are also investigated.
The experimental error for the absolute values is = lo%%uo.

2:
3 ~

5.
6:

Initial doping
(cm )

4.4X 10"
4.4x 1O"
1 1X10'
1.1X 10'
1.1X 10'
1 1X10'

Predeform.

no
yes
no
yes
yes
yes

Main deform.
&(%)

2.8
2.8
2.7
2.7
3.7
3.7

Gas ambient

N2 (92%),H:2 (8%%uo)

H~
Ar
Hp
Ar
H2

[P+ ] (cm ')

3.1x 10"
3.8x 1O"
7.3x lO"
7.8x 10"
9.1x 10"
8.4x10"

enhanced by photoexcitation while in the p region such
an excitation leads to a weak decrease of the signal.

In contrast the LT signal intensity does not depend on
weak doping and drops for both, high-p or high-n doping.
It has bee shown that Si K1 is affectable by doping.
However, it is clear from the inset of Fig. 5 that Si K1 is
only a small contribution to the LT signal (5—10%%uo)

which lies within the experimental error of the integra-
tion procedure used to determine A. Thus, the plot
shows the doping dependence of Si Y, only. A 30% in-
crease of Si Y is observed in the strong p-doping range by
white-light excitation.

C. Ionization of the P donor

By investigating n-type material, it is possible to deter-
mine the concentration of electrons trapped to deep-level
defects by comparing the P signal in the undeformed

sample with the residual signal Pd in the deformed one
(P+ =P —Pd ). Table II lists the result of such measure-
ments.

Several things can be seen: The ionization of the phos-
phorus donor increases in the identically deformed sam-
ples 1 and 3 with the doping level (and for constant n

with the plastic strain e as can be seen from Fig. 13).
Within the experimental errors its ionization can neither
be influenced by the gas ambient (samples 5 and 6) nor by
a predeformation (samples 1,2, or 3,4). However, there is
a a tendency that predeformation or deformation in ar-
gon gas ambient may increase the phosphorous ioniza-
tion.

It follows from Table II that the concentration of the
defects N, in sample 3 with energy levels deeper than the
phosphorus level is at least 7.3 X 10' cm ([N, j ~ [P+])
and, therefore, larger than the initial phosphorous con-
centration of sample 1 (4.4X10' cm ). But there is
still a strong (1.3X10' cm ) signal of P present in
sample 1 even though N, depends on e (Ref. 6) and
should be equal in samples 1 and 3. Thus, the concentra-
tion of deformation-induced defects X, needs to be con-
siderably larger than the initial doping to ionize all P
atoms and this indicates a less homogeneous spatial dis-
tribution of the deformation induced defects with respect
to the chemical dopants.

D. Photo-KSR of samples deformed at 650 C

2

a
I

Si:P In]=8.5x1015cm-3
T~=14 K

Td = 650~C
51%

d ynamicall y

dark

0. 1.0

hv(eV)

1,5

FIG. 6. Photo-ESR spectrum measured on the P resonance.
The data are taken from Ref. 10. Id is the line amplitude of the
P signal in darkness while Iz„ is its amplitude measured during
illumination of the sample with photons of energy hU.

Eg =band-gap energy.

Figure 6 shows the increase of the P ESR signal as a
function of the light energy as first reported by Erd-
mann. ' The spectral dependence of the signal is
significantly different from what is observed for the dislo-
cation related defects Si E1 and Si K2. It should be
recognized that in this case the deformation caused an
ionization of 8.3X 10' P atoms/cm, which is at least a
factor of 20 larger than the concentration of Si K1 and Si
IC2 (=4X10' cm ). Thus, their contribution to the
ionization of the P donor is negligible and it must be
caused by other deformation-induced defects.

Figure 7 shows that the photo-ESR spectrum of the
HT signal is rather similar to the one of the phosphorous
(Fig. 6): After an increase between 0.45 and 0.65 eV the
signals rapidly grow up to 0.75 eV and subsequently in-
crease less steeply up to the band edge and most astonish-
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ingly there is a maximum in the over-band-gap region at
1.24 eV for both signals. However, the photo-ESR spec-
trum of the P donor is more structured which can be ex-
plained by the fact that in Fig. 6 the line amplitude I of
the signal can be measured while the investigation of the
HT signal requires an integration procedure because it is
formed by a variety of different paramagnetic centers
which cannot be separated completely.

The kinetics of the photo effect suggests a distinction
of the excitations in the over-band-gap region from that
within the band gap: The increase of the signals in the
over-band-gap region can only be observed during il-
lumination of the sample and it breaks down as soon as
the illumination is switched off, while the former leads to
persistent signal amplitudes on the time scale of minutes.
Erdmann found a logarithmic decay of the P signal
when the illumination was removed. '

The result suggests that the energy levels of the defects
contributing to the HT signal are deeper than 0.45 eV
measured from the conduction-band edge and that they
are paramagnetic only if lying above the Fermi level.
Thus, a simultaneous ESR detection of P resonance and
the HT signal in one sample at low detection temperature
(T& (30 K) requires local shifts of the band edges of at
least 450 meV in agreement with the results of Sec. III C.

It is instructive that the distinction of photo effects
close to the band edge from those deep in the band gap is
related to the presence of deep defects or dislocations:
Figures 8 and 9 show the photo-ESR results of two n-

type samples one which was compensated by neutron ir-
radiation while the other was plastically deformed and
annealed with the aim to remove the deformation in-
duced defects but not the dislocations. " The photo-ESR
results of the irradiation-induced deep defects in the ener-
gy range 0.45-0.8 eV (Fig. 8) are very similar to the be-
havior of the P and HT signals in this energy range.
One of those defects from its ESR spectrum can be
identified to be the pentavacancy Si P1 which can also be
produced by plastic deformation and it contributes to the

—1.5
compensated
n irradiation
Tm= 23K

~ -1.0

U

I

0 5

P1

I

I

I

Eg

dark

0.4 1.0 1.5

hv (eY}

HT signal. ' However, there is no further excitation to-
wards the band-gap energy or in the over band-gap re-
gion. After illumination the signals decay on the time
scale of minutes. Photo-ESR measurements on the P
signal could not be performed because of the strong com-
pensation of the sample. In contrast the P signal of the
dislocated sample (Fig. 9} shows an excitation only in the
near- and over-band-gap region, which proves that his
effect is closely related to the presence of dislocations.

FIG. 8. Photo-ESR spectrum measured on defects intro-
duced by neutron irradiation. Due to the same spin-1attice re-
laxation of these defects and the HT signal they can be recorded
with the same detection parameters as in Fig. 7. P1 labels the
pentavacancy identified by its ESR spectrum. It can also be
produced by plastic deformation (Ref. 12).

o

O

I

0

Si:P
[n]= 5 x10
T~ =23K

Td -650.' =30
= 5,7

--0.2

.-0.1

7 x10~~ P

~ 0.0

Si:P
I:n] = 1x10'~

Tm-13K

atoms cm-3
~ ~

~ - - y- — ~ gg —ry

Tg -800'C
t =8MPa
c =16%

ANNEALING: 800 C, 16h

[.P+]= 3 x 10 cm
t. nt ]= 2x 10' crrT

0 t

0.5
I

dcirk

1.0
I I I )

hv(eY)
~ S I t I
I I

FIG. 7. Photo-ESR spectrum measured on the HT signal of
sample j. The integrated HT signal A = fy'dH is used because

there are contributions of different paramagnetic defects to the
signal which cannot be separated. Same subscripts as in Fig. 6.

dark

I

gE
I I I I
I I I I

hv (eV)

1.5

FIG. 9. Photo-ESR spectrum measured on the P resonance
of a high-temperature deformed and annealed sample as indicat-
ed. From comparison of the signal amplitude in the unde-
formed sample (initial doping) the number of ionized P+ atoms
can be calculated. The trap density n, was determined by DLTS
measurements (Ref. 13).
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Switching off the illumination the signal immediatelly
drops to its dark value.

In addition it can be seen from Fig. 9 that after defor-
mation about 3X10' phosphorus atoms per cm are
ionized and this ionization cannot be explained by the
presence of deep-level defects (the number of which was
determined by DLTS measurements' ) because it is much
smaller as indicated in Fig. 9.

E. Photo-ESR and ESR spectra of high-stress low-temperature
deformed crystals with negligible amounts of deep defects

By use of high-temperature deformation with subse-
quent annealing followed by high-stress, low-temperature
deformation samples with well-defined arrangements of
dislocations and negligible amounts of deep defects can
be produced as long as the second main deformation is
kept small (e« 1%). ' Detecting the phosphorus
photo-ESR spetrum in the undeformed and deformed
sample (Fig. 10) reveals an ionization of 3.2X10' P
atoms cm and a dominant over-band-gap excitation
just as in the case of Fig. 9. There is some excitation in
the band-gap region due to residual deep defects which is
why after illumination the dark value increases as indi-
cated by the arrow in Fig. 10.

The photo-ESR spectrum of the undeformed sample
demonstrates that it is not compensated by unknown im-
purities because the capture of holes is the only process
which infIuences the signal amplitude and it leads to a
signal reduction.

As shown in the inset of Fig. 11 there is an additional
(anisotropic) ESR signal detectable in such samples and
its photo-ESR spectrum is characterized by some excita-
tion within the band gap and a strong decrease of the sig-

nal with over-band-gap illumination. Again, switching
off the illumination immediately restores a signal ampli-
tude which was reached before by below-band-gap excita-
tions of 0.8—1.1 eV as indicated by the arrow in Fig. 11.
From its kinetics it is again attributed to charge coming
from residual point defects. The ESR signal itself exhib-
its uncommon properties: It shows a Dysonian line
shape, ' its signal amplitude depends on the angle of the
external magnetic field H with respect to the sample
orientation, and it grows with the amplitude of the elec-
tvic microwave field E as was checked by increasing the
sample diameters taking into consideration the distribu-
tion of E in the TE~o2 cavity used for the experiments.
Thus, the increase of the P signal in Fig. 10 is accom-
panied by a decrease of the ESR signal. Both processes
are fast at 15 K.

F. Quantitative comparison of the signals

In order to convert the intensity of the different signals
of Figs. 1, 3, and 5 into spin densities we used the follow-
ing results. In Ref. 8 it has been shown that deformation
of sample (a) leads to a room-temperature ESR-
absorption signal of 3.8X10' spins/cm and in Ref. 6 it
was proved that this is the main contribution to the HT-
dispersion signal. Thus, one may scale the intensities of
the room temperature and the HT signal of sample (a) to
this value which by comparison gives the corresponding
spin densities in all other samples.

However, to convert the abscissa of Fig. 5 from the ini-
tial doping to the effective doping (n, or p, ) it is neces-
sary to know the contributions of the deep and shallow
defects to this value. n, and p, are estimated in Ref. 13
for a deformation at 650'C (r=30 MPa, @=2.7%%uo) to be:
n n, =p —p, =N, =—(2—3)X10' cm for n, p)N„ for
N, ) &n,p the samples are typically highly Ohmic p
type' below room temperature independent of the initial

.-1,0

Si:P
Tm-13K

PD: 800 C, x=BMPa, x=1,6
ANNEALING 800'C, t~=17h

MD:420 C, z=250MPa, Q&.5h

--05
Si:P
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FIG. 10. Photo-ESR spectrum measured on the P resonance
in a three-step deformed sample. PD denotes predeformation,
MD denotes main deformation. For comparison it is shown
that in case of an undeformed sample the capture holes can be
recorded which leads to a signal reduction. The arrow indicates
the signal amplitude immediately after switching off the il-
lumination. Excitations within the band gap are caused by re-
sidual amounts of point defects.
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FIG. 11. Photo-ESR spectrum measured at = 10 K on a ESR
signal the absorption spectrum of which is shown in the inset.
The arrow indicates the signai amplitude immediately after
switching off the illumination. Deformation parameters are in-
dicated.
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type of conductivity which demonstrates that the
deformation-induced defects are amphoteric and behave
acceptorlike in n-type silicon and donorlike in p-type ma-
terial' ' (N, =Nd =N, ).

This is the way Fig. 12 is constructed. It can be seen
that the largest defect concentrations of (7.5—8.5) X 10'
cm could be measured for the illuminated HT signal in
n-type material while the dark concentrations of the sig-
nals show a maximum in the p-type region. The 300-K
absorption signals and the HT dispersion signals show
the same tendencies as expected because the same defects
contribute to both signals. In contrast the concentration
of Si Y is constant in the weak doping range on a level of
=1.5X10' cm . The determined ratio, spins (HT sig-
nal) to spins (LT signal) is approximately 3—4, ' ' turns
out to be true only for the highly Ohmic material and ob-
viously depends on the doping and on the fact whether
the signals are detected in the dark or under illumination.
This is a further proof that both kinds of signals are of
di8'erent origin.

In Fig. 13 the concentration of ionized P atoms is plot-
ted versus the plastic strain for different initial doping
leve1s n. Their number is compared with the spin densi-
ties of the 300-K ESR absorbtion signal measured in high
Ohmic samples. The shaded area indicates the experi-
mental error. It can be seen that in the low-doped ma-
terials (n ~ 4.4X 10' cm ) the P+ concentration is
smaller than the spin density and it tends to saturate at
the initial doping level. However, even in the heavi1y de-
formed sample (@=5.6% and n =4.4X10' cm ) a re-
sidual amount of P atoms can be detected ([P ]= 1 X 10'
cm ). Ionization of all P atoms is achieved for @=3.3%
and n =1X10' cm . From this data point it can be es-
timated that the spin density of the 300-K ESR absorp-
tion spectrum needs to be at least four times larger than
the initial doping to ionize all P atoms.

In the case of the high doping (n =1.1X10' cm ) the
P+ concentration slightly exceeds the concentration of
paramagnetic defects in Fig. 13. From comparison with
Fig. 12 it can be seen that the concentration
P+=7.3X10' cm of sample 3 (Table II, Fig. 13) is
very close to the concentration of HT centers which can
be ionized by illumination (Fig. 12, symbol 1):
N (HT, ill. ) —N(HT, dark) =6. 5 X 10' cm for
n =5X10' cm and e=2.7%). This comparison also
holds for the other illuminated sample (Fig. 12,
symbol 1): N(HT, ill. ) —N(HT, dark) =3.5 X 10'» cm
and [P+ ]=3. 1 X 10' cm, Fig. 13). Since in addition
the photo-ESR results on the neutral P atoms (Fig. 6)
and on the HT centers (Fig. 7) show very similar spectral
dependences we proved that in the case of strong n dop-
ing most of the HT centers (=75%) can be charged by
capturing electrons from the shallow donor and, thereby,
both the phosphorus atoms and the defects contributing
to the HT signal are not paramagnetic anymore. Also, in
the case of high doping one would expect that
[P+]~ [HT centers] because not all acceptorlike defects
need to be paramagnetic.

In the case of low doping the usual situation to be
detected is the one shown in Fig. 2: There is the ESR sig-
nal of P as well as a larger concentration of paranzagnet-
ic HT centers ([P+ ]( [HT centers]) which in the case of
higher doping would capture electrons and, thereby, lose
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FIG. 12. Spin density of the different signals as a function of
the effective doping. For details see text. (1) Signal increase due
to illumination with white light; (2) signal amplitude is expected
to be corrected into the indicated direction because of the skin
effect in conducting samples; (3) experimental error due to su-
perpositions of other signals.

FIG. 13. Concentration of ionized P atoms plotted vs the
plastic strain in samples deformed along the [213] axes at 650'C
(~=30 MPa). On the right-hand side the initial doping level is
marked by arrows. The shaded area indicates the spin density
of the 300 K ESR absorption signal measured in highly Ohmic
material (Refs. 6, 7, and 31). Squares: values of samples 1, 3,
and 5 from Table II; circles: values taken from Ref. 30.
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their paramagnetism. From Fig. 6 the energy levels of
paramagnetic HT centers E(HT) ~E, —0.45 eV can be
estimated. Thus, the coexistence of paramagnetic P
atoms in addition to such paramagnetic HT centers re-
quires E~~E(P)=E, —0 04. 5 eV and E~&E, —0.45 eV,
respectively. This is possible if the restrictions are valid
locally, only, and requires an inhomogeneous distribution
of the centers contributing to the HT signal with respect
to the presumedly homogeneous distribution of the
chemical donor.

IV. DISCUSSIQN

vc:
Y:= =

0
~ 0 0

EQ

—o~EF

o = para mag. : P o = paramag. :defect
+ = not paramag. : P+ ~ = not paramag. : defect+ e

FIG. 14. Schematics of a spatially (x) inhomogeneously com-
pensated crystal. V„regions compensated by defects which are
paramagnetic only if lying above the Fermi level E+, V, regions
where E+ is close to the level of the shallow donor. Excitation
by below-band-gap illumination transfers electrons from the
deep defects to the phosphorus atoms as indicated. The width
of the defect band on the energy scale is estimated from the
photo-ESR results and from Ref. 13.

Typical models of band-gap perturbations in deformed
crystals involve band-gap inhomogeneities caused by the
trapping of charge on dislocation lines. ' However, our
results suggest that there are different mechanisms lead-
ing to similar effects but being of different origin.

The first conclusion from our measurements is that the
dominant contribution to the capture of electrons from
shallow donors in samples deformed at 650'C comes
from centers which contribute to the HT signal. There-
by, the paramagnetism of both, the donor atoms and the
HT signal vanishes. There is a quantitative agreement
between the concentration of ionized P atoms and
charged HT centers (Sec. III F). The inverse process can
be stimulated by photoexcitation the spectral dependence
of which is very similar for the HT centers and the P sig-
nal (Sec. III D). Spectral differences are attributed to the
fact that the P resonance comes from a well-defined de-
fect while the HT signal is a superposition of different
paramagnetic centers which were attributed to point de-
fect clusters formed during the deformation procedure.
Thus the shallow dopants are compensated by the
deformation-induced point defects. As to their position
in the band gap the photo-ESR results suggest that they
are deeper than =E,—0.45 eV (Figs. 6 and 7). Uncer-
tainties come from the fact that the quartz cryostat used

in our experiments absorbs all light with energy E&, ~ 0.4
eV. This limitation requires use of other experiments
which fix their energy positions more accurately. ' It is
also likely that the quartz absorption from our cryostat
contributes to the fact that we could not observe electron
excitations from the valence band to the defect levels.

Difficulties arise from the inhomogeneous distribution
of the defects. In the case of doping levels below 10'
cm and moderate deformations (@=2—3%) the local
defect density is large enough to compensate the chemi-
cal dopants but there are still regions where the Fermi
level is close to the phosphorus level. This situation is
schematized in Fig. 14. One may estimate the percentage
of the compensated crystal volume V, with respect to the
total volume V, = V+ V, from Fig. 13 assuming that the
percentage of the ionized P atoms with respect to the ini-
tial doping is proportional to V, with respect to V, . For
a deformation of 2.7% the estimation gives V, = +90%,
70%, and 64% for increasing initial doping n. It is
reasonable that V, decreases with increasing n for a con-
stant trap density because V, depends on both, the exact
spatial distribution of the defects and the screening
length which itself depends on the initial doping and the
compensation. ' Nothing is known about the charge
states of the defects but from Fig. 12 it must be conclud-
ed that the majority of the HT centers must have more
than one energy level in the band gap to explain the max-
imum of the curve.

So far there is no need to discuss special properties of
dislocations. They contribute to the picture considering
the reason for the inhomogeneous distribution of the de-
fects: It is proposed" that they are formed during the
motion of dislocations. In the case of defects which are
immobile during the deformation procedure they should
be distributed in the slip plains of the dislocation. In the
case of mobile defects they could form defect clouds
around dislocations or they could be accumulated in
areas of high local dislocation densities (dislocation
walls).

The second point where dislocations need to be con-
sidered is again related to the structural informations ob-
tained from ESR: The defects contributing to the LT sig-
nal (Si Kl and Si Y) are due to structural defects in the
core of screw dislocations. ' But since they are deep and
localized defects their contribution to the band bending
will practically be undistinguishable from those of point
defects. Their investigation includes the additional
difficulty that their contribution to the balance of charges
is rather small: The charge state of Si K1 can be changed
by doping but its concentration is much smaller than the
one of the point defects ( ~4X10' cm ). On the other
hand the concentration of Si F is larger but its charge
state is hardly affected by doping for reasons which will
be discussed in Ref. 13. Thus, they may well contribute
to charges on dislocations but the effect can easily be hid-
den from the contributions of the point defects particu-
larly because they will participate in screening a charged
dislocation.

An investigation of undisturbed dislocations is possible
by use of deformation and annealing procedures (Fig. 9).
The total charge involved in such electrical effects is
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FIG. 15. (a) Schematics of a band-gap inhomogeneity caused
by electrons trapped in tails of the conduction band at disloca-
tion. (b) Generation of electrons and holes by over-band-gap il-
lumination reduces the band bending by hole capture on dislo-
cations and electron capture on the P atoms which leads to the
increase of the P resonance.

more than one order of magnitude smaller than what has
been discussed for the point defects. The photoexcita-
tions near the band edge (Figs. 9 and 10) can be explained
on the basis of Fig. 1S which assumes the existence of
dislocation-related states split off from the band edges
(perhaps tail states) where electrons can be also trapped
(Fig. 15, part (a)]. In the case of generation of electron-
hole pairs which requires the over-band-gap excitations
the holes will be captured to the negatively charged dislo-
cation and the electrons on the ionized donor atoms re-
sulting in an increase of the P resonance [Fig. 15, part
(b)]. From our experiments it is not directly possible to
attribute a certain energy position within the band gap to
such states.

There are several experiments which give evidence for
the existence of such (tail) states: As to the three-step de-
formation described in Sec. III E it has the additional ad-
vantage to produce a well-defined dislocation structure
with dislocation lines running parallel to the three [011]
directions within a slip plain and the crystals contain
negligible amounts of deformation-induced defects. In
such crystals a strong microwave conductivity in shallow
levels is observed which in the case of photoexcitation
shows identical spectral dependences and kinetics as the
photo-ESR spectrum of the signal shown in Fig. 11. '

From its g tensor the signal was attributed to electrons on
60 dislocations. Wattenbach recently showed that

the particular signal properties arise from the delocaliza-
tion of electrons along the dislocation line and that the
signal is due to electric dipole spin resonances (EDSR) .
Also, in p-type material deformed in a similar way EDSR
signals and microwave conductivity in shallow states are
observed. ' EDSR signals in deformed crystals were
observed in Ref. 27 before and attributed to the presence
of straight Lomer-Cotrell dislocations which stresses the
important role of straight dislocation segments. Also,
such split-off or tail states could be observed best by in-
frared measurements of deformed and annealed sam-
ples. Their formation was attributed to dislocation re-
lated deformation potentials.

In the neutron-irradiated sample such over-band-gap
effects could not be observed (Fig. 8) which supports the
point of view that they are restricted to the presence of
dislocations. It is satisfactory to recognize that the com-
bination of the photo-ESR spectra of the neutron-
irradiated sample (Fig. 8) with the sample containing
only dislocations (Fig. 9) gives the basic features of the
photo-ESR spectra of deformed samples containing both
dislocations and point defects such as those shown in
Figs. 6 or 7. Also interesting, neutron irradiation and
plastic deformation generate defects in comparable ener-

gy ranges of the band gap and by analyzing the structural
features of the ESR spectra it was shown that pentava-
cancies could be produced by both procedures.

Our results are well comparable with those published
in Ref. 29 where mostly low-phosphorus-doped samples
were used (=10' cm ). However, the authors never
succeeded in ionizing all phosphorous atoms even though
the deformation-induced deep defects exceeded our con-
centrations (~10' cm ). Only a small fraction of the
defects ( ~ 20%, filling factor f ~ 0.2) could capture elec-
trons. From the presence of both signals the HT centers
and the P resonance they concluded that the defects are
related to the core of dislocations and that Coulomb
repulsion prevents them from being charged. From our
results, however, it must be concluded that the local con-
centration of defects with respect to the chemical donors
determines the amount of charge which can be captured
from the shallow to the deep defects (Secs. III C and
III F). Up to 75% of the deep defects could be charged in
our case (Fig. 12). Thus, the spatial distribution of the
deformation-induced deep point defects turns out to be
even more important than the Coulomb repulsion.
Indeed, the authors of Ref. 27 used crystals deformed
along their [011] axis which favors multiple slip and by
cutting processes the formation of dislocation wall struc-
tures. Thus, an even more inhomogeneous distribution of
the defects can be expected which makes the ionization of
the donor atoms more dif5cult. Further investigation of
the problem requires TEM observations.

Consequently, models which involve a spatial separa-
tion of the charge accumulated on a dislocation from the
screening ions' can probably only be applied to the de-
formed and annealed samples with negligible amounts of
deep defects while in samples deformed below 700 C the
dominant effect consists of a random mixture of positive
and negative ions and the application of statistical models
as, for example, outlined in Ref. 32 would be adequate.
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Moreover, the simple pictures shown in Figs. 14 and 15
do not yet include the formation of states split off from
the band edges which could locally narrow the band gap.

As to the possibility that chemical donors (or accep-
tors) are structurally involved into the formation of the
deep defects which could make them electrically inac-
tive we consider this unlikely for two reasons. First, the
large concentration of the defects contributing to the HT
signal would require that most of the P atoms can be get-
tered by moving dislocations even at deformation temper-
atures as low as 420 C. Secondly, the result of Ref. 29
which showed that parallel with the annealing of the
deformation-induced point defects in n-type material the
ESR signal of isolated phosphorous atoms reappears ex-
cludes this possibility explicitly. However, as to the ESR
signals which we observed it needs to be clarified whether
P or 8 are structurally involved in the formation of the
defects.

mogeneously with respect to the chemical dopants result-
ing in local distortions of the band edges. Apart from the
structural information obtainable from ESR spectroscopy
it is hardly possible to distinguish contributions of deep-
point defects from those of deep dislocation related de-
fects to the band bending. Controlling the amount of
point defects it is possible to separate effects caused by
delocalized charges accumulated in shallow dislocation
states from those related to the transfer of charge from
the dopants to deep localized defects. The last effect is
dominant in the case of typical deformations below
=700'C while the other is observed best in low-doped
crystals with negligible amounts of deep defects and it
gives rise to the appearance of additional ESR signals.
Their observation requires the presence of straight dislo-
cation segments in the crystals.
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