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An investigation was made of the influence of monochromatic light on the ESR spectrum of dislocations in 
samples of plastically deformed silicon. It was found that illumination increased the number of paramagnetic 
centers and improved the resolution of the ESR spectrum. The spectral dependence of the effect indicated the 
occurrence of transitions at energies of + 0.38 eV and + 0.6 eV. The effect became saturated at high 
illumination intensities. An increase in the area under the ESR signal was 3-6% under saturation conditions. 
A study was made of the kinetics of the recovery of the spectrum observed in darkness. The results were 
explained by a model of a dislocation energy spectrum of electrons. 

PACS numbers: 76.30.Mi. 61.70.J~ 

INTRODUCTION 

Investigations of the positions of electron levels that 
appear in the band gaps of semiconductors a s  a result  of 
plastic deformation have been usually made on the bas is  
of measurements of electrical properties o r  photocon- 
d~ctivity."'~ On the other hand, using the ESR method, 
we have been able to show that introduction of disloca- 
tions in silicon crystals  produces paramagnetic centers 
whose number is equal to the number of broken bonds 
in dislocation  core^.'^-'^ However, i t  has not yet been 
finally established whether the electron levels associat- 
ed with broken dislocation bonds and responsible for the 
ESR signal a r e  the same a s  those manifested in elec- 
tr ical  measurements. This aspect is of fundamental 
importance in the model of the energy spectrum of elec- 
trons a t  dislocations. 

Further information on this question was  obtained by 
u s  in an investigation of the influence of monochromatic 
illumination altering the populations of the dislocation 
energy levels on the ESR signal of broken dislocation 
bonds in silicon. 

SAMPLES AND EXPERIMENTAL METHOD 

We used silicon single crystals  grown by the floating 
zone method in vacuum. Our crystals  were doped with 
2 X 1013 of boron and before deformation they ex- 
hibited p-type conduction with a resistivity of 3 X lo3 
S2.cm a t  300" K. Our samples were parallelepipeds with 
edges along the (112), ( I l l ) ,  and (110) directions, and 
their dimensions were 3.5 X 4 X 9 mm. Dislocations 
were introduced by plastic deformation resulting from 
compression by a constant load along the (110) axis a t  
690°C in an argon atmosphere. The degree of defor- 
mation (strain) was 3 - 5O/0. After deformation a layer 
1 mm thick was removed from the ends, and then the 
samples were subjected to mechanical and chemical 
polishing. Details of the preparation methods were giv- 
en earlier.5"3 Samples were similar to those used in 
Refs. 5 and 6. The dislocation density found by elec- 
tron-microscopic examination amounted to (3 - 5) x lo9 
cm-2 and the concentration of broken dislocation bonds, 
deduced by the ESR method, was (3 - 6) X 1016 The 
concentration of broken bonds was in good agreement 

with that calculated on the bas is  of geometric consider- 
ations from the dislocation density. Changes in the de- 
formation conditions, particularly an increase in the 
temperature and duration of deformation, reduced the 
ESR signal due to dislocations. This probably account- 
ed for the fact that in samples used in Refs. 19 and 20 
the concentration of the ESR centers was  only a few per- 
cent of that calculated on the bas is  of geometric con- 
siderations, so  that the ESR signal observed in Refs. 19 
and 20 was  associated with point defects and i t s  value 
was of the order of a dislocation signal. Investigation of 
such samples was outside the scope of the present study 
because we were interested primarily in the properties 
of a one-dimensional dislocation system of broken bonds 
in i t s  "purest" form. 

A sample was  placed a t  the center of a cylindrical 
cavity resonator and cooled to the required temperature 
by a stream of gaseous nitrogen. Temperature was var- 
ied within the range 300 - 110°K and was maintained to 
within a t  least l.O°K. The working frequency of an ESR 
spectrometer was 9.3 GHz (x  range). Since a t  the selec- 
ted temperatures the spin relaxation t imes 7, and r2 of 
broken dislocation bonds in Si were less  than 10-"ec 
(rl, r2 < sec), in accordance with Ref. 16, we mod- 
ulated the magnetic field a t  a frequency of 100 kHz and 
employed the slow passage regime. The modulation 
amplitude was 0.20e and the microwave power was 0.5 
mW. A sample was illuminated through a CaF, window 
by means of a monochromator with an LiF prism. The 
source of light was a Globar. The absorption of light in 
water vapor a t  the wavelength of 2.8 @ was reduced by 
blowing dry  nitrogen continuously through the optical 
channel. This channel included a mechanical chopper 
controlled by a spectrum storage unit. The ESR signal 
was stored in this unit and analyzed there (the opera- 
tions included subtraction, integration, accumulation, 
etc.). 

EXPERIMENTAL RESULTS 

The ESR spectra observed for our samples were prac- 
tically unaffected by temperature variations in the range 
300 - 80°K and were qualitatively similar to the spectra 
obtained in Refs. 13 - 15 and 19 a t  T < 60°K. 
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FIG. 1. ESR spectra showing the signal 8~ "/ 8 H ( H  ) due to 
dislocations in darkness ( 1 ) and the s a m e  signal in the pre- 
sence of illumination ( 2 ). T= 170°K, H ,  11 (111). 

When a sample was illuminated a t  temperatures in the 
range T <  260°K there was a considerable change in the 
form of the spectrum. Figure 1 shows a record of the 
ESR signal ax " /~H(H) before and during illumination. 
Figure 2 shows the spectra of x"(H) before and during 
illumination obtained by integration of the axU/aH spec- 
t r a  (see Fig. 1). The lower curve in Fig. 2 gives the 
difference AX" = &' - x:, i.e., the change in the xV(H) 
spectrum a s  a result of illumination. On the right, we 
can see the fourth line of a standard source (Mn" in 
MgO). This standard source was in thermal contact with 
a sample and was located in the same place in the res-  
onator; it was used to monitor the sensitivity in the op- 
eration of subtraction of the spectra. It should be noted 
that the form of the spectrum AxN(&) observed in the 
range 270 - 110°K was independent of temperature and 
illumination intensity. Neither the form of the spectrum 
nor i ts  amplitude 

&+so Oe 

Axff (HI / I d d H  
80-SO Qe 

were affected by reduction in the microwave power by 
10 dB (from 1 to 0.1 mW), indicating the absence of in- 
f luence of saturation. 

Figure 3 shows the dependences of the signal AX" on 
the power of light of the 1.3 p wavelength (selected with 
a filter which had a transmission maximum at  1.3 g). 
The effect of illumination showed saturation a t  high in- 
tensities and the optical power from which saturation 
began fell rapidly a s  temperature was lowered. The in- 
tensity of light p from which saturation began was ap- 
proximately 500 times less at T = 120°K than a t  T = 200" 

FIG. 3. Dependence of the change in the ESR signal on the 
optical power p ; h= 1 . 3  p ;  the upper curve was recorded at 
T= 200°K and the lower at T= 120°K. 

K. At T <  120°K this intensity became so low that spec- 
ial measures had to be taken to avoid the influence of 
scattered light. 

The quantity 
a.+ao Oe Ev+sO Oe 

f r  = j A ~ " ( H ) ~ H  / x . I ( H ) d H ,  
8 . - ~ 0  Oe H.-SO Oe 

representing the relative change in the concentration of 
paramagnetic centers a s  a result of illumination amoun- 
ted to +3-6% under saturation conditions and did not 
vary greatly from sample to sample. The sign of this 
quantity always indicated an increase in the number of 
paramagnetic centers a s  a result  of illumination. 

Figure 4 shows the kinetics of recovery of the dark 
ESR spectrum after the end of illumination. Fas t  scan- 
ning of the magnetic field was used and the spectra 
(axW/aH), were recorded after a time t from the end of 
illumination. Next, a calculation was made of the quan- 
tity A(t) representing the peak-to-peak amplitude of the 
difference spectrum (BXW/aH), - (BxP/aH),, where ( a x n /  
aH), was the steady-state spectrum in darkness. The 
process of recovery of the dark spectrum could not be 
described by a single exponential function (Fig. 4). We 
attempted to describe i t  by a sum of two exponential 
functions, i.e., by 

A ( t )  =(&,-A,) exp ( - t / ~ j ) + A .  erp ( - t /z . ) ,  (1) 

where A, sA(0); A, is a temperature-dependent para- 
meter. Since the values of T~ and T, differed by almost 
two orders  of magnitude, i t  was quite easy to separate 
the fast  decay stage A(t) from the very slow tail. Fig- 

FIG. 2 .  ESR spectra showing x " ( H )  = I( i?("/aH)dH in dark- 
ness ( 1 ) and during illumination ( 2 ). Spectrum 3 i s  the dif- 
ference ( A X "  ) between spectra 2 and 1.  

FIG. 4. Recovery of the dark ESR signal after the end of il- 
lumination: 4 i s  the effect during illumination and 4 is  the 
effect after a t ime t from the end of illumination. 

619 Sov. Phys. JETP 53(3), March 1981 V. V. Kveder and Yu. A. Osip'yan 619 



FIG. 5. Fast component of the recovery of thedark ESR 
spectrum ( sj ). 

ure  5 showsthe dependences of l n [ ( ~ ( t )  - A;)/(A, - A, )] on 
t recorded a t  several temperatures; A, was in this case 
deduced from the curves of the type shown in Fig. 4 by 
extrapolation of the slow stage to t = 0 using A: = A, exp 
(- t/rs)= As, and rs was estimated from the slope of the 
curves ln[A(t)/A,] (Fig. 4) at high values of t. Figure 6 
shows the dependences of In [(A(t) - Af)/A,] on t, where 
A'  = (A, - A,). It is clear from Figs. 5 and 6 that the ex- 
perimental points fit well straight lines, indicating that 
Eq. (1) is obeyed. The slopes of these straight lines 
give rf and 7,, respectively. 

Figure 7 shows our dependences of log rf, log T,, and 
log [A,/(A, - A,)] on the reciprocal of temperature. 

Figure 8 gives the spectral dependence of the effect. 
The ordinate represents, on a logarithmic scale, the 
quantity A, = (axff/aH), - (Bxf'/8H),, i.e., the amplitude of 
the change in the spectrum Bxff/aH due to  illumination 
divided by the number of photons N incident on a sample 
per unit time. The photon flux was calculated from the 
optical power transmitted by the monochromator and 
measured with a thermopile. The illumination intensity 
was selected so a s  to operate in the linear part  of the 
dependence of A, on the illumination intensity (Fig. 3). 
The sensitivity threshold of the method is identified by a 
dashed curve. The upward bending of this curve a t  low 
energies (hvc0.35 eV) is due to a reduction in the opti- 
cal  power resulting from the spectral characteristic of 
the light source and the optical system employed. In the 
range hv 50.27 eV the experimental points do not lie 
above the sensitivity threshold so that, within the limits 
of the experimental er ror ,  we cannot separate the pho- 

FIG. 6. Slow component of the recovery of the dark ESR 
spectrum: A'= (Ao - As) exp ( - t / g ) .  

log 7 Ireel 

T'~.  10:" K-' 

FIG. 7. Dependences of log T~ ( 1 ) , log T* ( 2 1 ,  and 
logb,/(A - A,)] (3) on the reciprocal of temperature. 

to-ESR signal from the noise. Throughout the spectral 
range where the effect was observed the form of the 
spectrum of Ax"(H) was constant. In view of the long re- 
laxation times, we heated the sample after each point in 
order to obtain the dark spectrum. 

DISCUSSION OF RESULTS 

The main experimental result in which-in our opinion- 
requires explanation i s  the increase in the intensity of the 
dislocation-induced ESR signal a s  a result of illumina- 
tion. As pointed our earlier (Figs. 1 and 2)  this increase 
amounts, under saturation conditions, to 3 - 5% of the 
initial integrated intensity. 

Following the conclusions of earl ier   investigation^,'^"^ 
we shall assume that the investigated ESR spectra rep- 
resent broken bonds in dislocation cores. The number 
of such bonds, both deduced from the ESR spectra and 
calculated from the experimental data on the dislocation 
density, i s  (3 - 6) x 1016 Consequently, illumina- 
tion increases the number of broken bonds by (1 - 3) 
x 1015 cmq3. 

At f i rs t  sight i t  might seem that the simplest expla- 
nation i s  a s  follows: electrons initially captured from 
broken dislocation bonds by the boron acceptor levels 
and leaving behind a certain number of holes a r e  excited 
optically back to the broken bonds and this increases the 
number of uncompensated spins, manifested a s  an in- 
crease in the ESR signal. However, i t  is clear that 
since the total concentration of the boron acceptor im- 
purities is only 2 X loL3 cm-3 and the increase in the 
number of these centers responsible for the ESR signal 

log $.lo" 

FIG. 8. Dependence of log( A / N )  on the photon energy hv:  A 
is the change in the ESR signal due to illumination and N is the 
flux of the incident photons. T =  130°K. 
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is by -2  X 1015cm-3, this process cannot be responsible 
for the experimentally observed illumination-induced in- 
crease in the intensity of the ESR signal representing 
broken dislocation bonds. Consequently, we shall as- 
sume that the acceptor centers from which electrons a r e  
transferred by illumination to dislocation levels in a- 
mounts of a t  least 2 X 10'5cm'3 a r e  formed, like the dis- 
location levels themselves, directly a s  a result  of plas- 
tic deformation. A self-consistent explanation of the in- 
crease in the photo-ESR signal can be provided if the 
acceptor levels a r e  included in the general scheme of 
the dislocation energy spectrum of electrons. 

The main experimental data needed to construct such 
an energy scheme and the model representations a r e  al- 
ready largely available in our previous papers reporting 
investigations of electrical properties of plastically de- 
formed silicon and g e r m a n i ~ m . ' * ~ ~ ~ . ~ * ~ - ' ~  We shall now 
recall the main conclusions reached there. Investiga- 
tions of the Hall effect and conductivity of silicon con- 
taining dislocations, carried out under dc conditions and 
in the microwave range, have led to the conclusion that 
the results can be accounted for by a two-band model of 
the dislocation spectrum of electrons which follows from 
the model of dislocations regarded a s  a Mott-Hubbard 
i n s u l a t ~ r . ~ - ~ ' ~ ~  The position of the f i rs t  acceptor level 
(band) in silicon i s  0.42* 0.03 eV below the conduction 
band, whereas the lower donor level (band) i s  0.43* 0.03 
eV above the valence band. 

It follows that the Hubbard gap between these narrow 
levels or bands i s  0.25 eV in the case of s i l i c ~ n . ~ ' ~  It i s  
also clear from these data that a certain number of ac- 
ceptor levels, estimated a s  0.03 - 0.05 of the total num- 
ber of donor dislocation states,5f6 adjoins the lower do- 
nor band, i.e., it i s  separated by no more than 0.03 eV 
from this band. A study of the microwave conductivity 
associated with the dislocation spectrum of electrons in 
germanium has also led u s  to a three-band model and 
the mobility of ca r r i e r s  in the upper acceptor and lower 
donor bands has been sufficient to observe significant 
microwave dislocation conductivity, whereas the con- 
ductivity in the middle acceptor band has been found to 
be practically negligible." Numerical data on the po- 
sitions of the donor and acceptor dislocation bands of 
germanium have also been obtained from the Hall effect 
m e a ~ u r e m e n t s . ~ " ~  The dislocation electron spectrum 
deduced from the above electrical measurements is 
shown in Fig. 9. 

The same electron spectrum i s  proposed for silicon in 
Refs. 6 and 21. However, i t  fails to account for the 
main result of the present study, namely for the in- 
crease in the intensity of the dislocation ESR spectrum 
a s  a result of illumination, since the acceptor states Ei 
lie in this scheme above the state E, responsible for the 
dislocation ESR signal. We can explain a l l  the results  
obtained in investigations of electrical properties of 
crystals with dislocations and the ESR due to disloca- 
tions by a more general dislocation energy spectrum of 
elemental semiconductors which i s  given below and 
which represents an extension of the scheme proposed 
earlier. Before considering the actual structure of the 
scheme, we shall make some assumptions in the model 

FIG. 9. Preliminary energy-level scheme of silicon: Ai 
= 0.42, A2= 0.43, Aj2= 0.25, A:< 0.03 eV; in the case of ger- 
manium the corresponding values are A,= 0.07, A2= 0.5, Ai2 
= 0.18, and A;$ 0.05 eV. 

of dislocation chains. 

As before, we shall assume that electrons on broken 
bonds of atoms belonging to a dislocation core form a 
narrow one-dimensional donor band whose width depends 
on the degree of overlap of the wave functions of the 
broken-bond electrons along a dislocation chain. These 
broken dislocation bonds may capture excess electrons 
which a r e  present in a crystal  and a r e  associated either 
with chemical donors o r  other defects or a r e  excited ex- 
ternally by incident light or a strong electric field. 
These excess electrons may be captured by the disloca- 
tion acceptor levels forming a narrow acceptor disloca- 
tion band. We shall assume, a s  before,s16 that the Coul- 
omb interaction between two electrons a t  one site gives 
r i se  to a gap between these two one-dimensional bands 
and the presence of this gap means that a dislocation 
chain with broken bonds can be described a s  a Mott- 
Hubbard insulator. 

Investigations of the structure of dislocations in real  
crystals have shown that the length of regular parts of a 
dislocation line a r e  sufficiently short (amounting to a 
few tens o r  hundreds of interatomic distances) and the 
regular parts of dislocations alternate with local de- 
fects, such a s  jogs, points of intersection with other 
dislocations, etc. Moreover, we can expect defects in 
the form of impurity (for example, oxygen) atoms lo- 
cated near a dislocation core. Such local defects near 
o r  on dislocation lines may give r i se  to additional elec- 
tron acceptor and donor states. The number of such 
states is related to the number of local defects. We 
shall assume that local acceptor and donor levels lie be- 
low the main dislocation donor band. Then, in the case  
of a pure (free of shallow impurities) semiconductor with 
dislocations some of the electrons a r e  transferred from 
the broken bonds to acceptor levels of these local de- 
fects and form holes in the dislocation donor band. 
These holes a r e  mobile and they should move toward 
electrons captured by local defects because of the Coul- 
omb attraction, and they should remain near these de- 
fects ceasing to be mobile. 

Since the gap between El and Ei does not exceed 0.05 
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eV (Refs. 5 and 6), the average distance between a hole 
a t  Ei and an electron a t  should be  of the order of 5 
lattice constants. Such a dislocation "exciton" may be 
stable because of, for example, an energy barr ier  a t  a 
dislocation o r  because of spatial separation if a local 
defect does not lie quite inside a dislocation core. Thus, 
a narrow band of holes interacting by the Coulomb force 
with electrons captured a t  acceptor levels of local de- 
fects a t  dislocations splits off from the main dislocation 
donor band. Clearly, these holes a r e  characterized by 
a low mobility, in contrast to other holes in the donor 
dislocation band formed a s  a result of capture of elec- 
trons from the broken dislocation bonds by chemical ac- 
ceptors. We thus obtain the energy band scheme of the 
dislocation energy spectrum shown in Fig. 10. The ab- 
scissa gives the density of states a t  a given energy. The 
difference between this scheme and the one discussed 
earlier (Fig. 9) i s  the presence, below the El band, of 
acceptor c, and donor c, states associated with local de- 
fects a t  dislocation lines. In the case of an undoped 
semiconductor or in the presence of a small number of 
acceptor o r  donor impurities both E, and &, bands a r e  
filled in the dark state. We shall now relate the pro- 
posed energy-level scheme to the spectral dependence 
of the photo-ESR signal and t o  the kinetics of relaxation 
of the spectrum after the end of illumination. 

The step observed at hv = 0.38eV (Fig. 8) represents 
the excitation of electrons from the valence to the E; 
band, whereas the step at hv = 0.58 - 0.60 eV represents 
the E,- E, transition followed by the transfer of an el- 
ectron from E, to Ei.  These processes reduce the hole 
occupancy of the dislocations and increase the ESR sig- 
nal. The value of El - E, obtained from the Hall data in 
Ref. 5 is overestimated by 0.04- 0.05 eV and this may be 
due to modulation of E, by the deformation potential so 

FIG. 10. Energy level scheme of the electron spectrum of 
dislocations. 

characterized by an activation energy of 0.18eV, a s  in- 
dicated by the data represented by curve 2. 

We shall now consider the improvement in the resolu- 
tion of the structure of the ESR spectrum a s  a result of 
illumination. The proposed model allows u s  to interpret 
this effect a s  follows. In the absence of illumination the 
holes in the E; band and the negatively charged c, accep- 
to r s  create strong inhomogeneous electric fields in a 
dislocation core and these fields should result in addi- 
tional inhomogeneous broadening of the spectral lines a s  
well as in a shift due to the deformation of the wave 
functions of the broken bonds and consequent changes in 
the g tensors. The line shift i s  governed by the average 
value of the field and the orientation of the dislocations 
giving r ise  to a specific ESR line relative to an external 
magnetic field. Illumination reduces these inhomogen- 
eous Coulomb fields and this should result in narrowing 
and shift of the lines. 

that the percolation level for holes in the valence band In general, there a r e  other mechanisms which can 
l ies below the optical edge E,. Recovery of the spec- give r ise  to a strong photo-ESR signal. For example, 
trum after the end of illumination takes a longer time it i s  suggested in Ref. 17 that some of the broken dis- 
(Figs. 3 and 4). location bonds become paired to form a state s = 0 a s  a 

We can account for  the observed long relaxation time 
by assuming that holes appearing in the valence band a r e  
captured by deep centers different from the usual dislo- 
cation broken bonds and that electrons captured by these 
broken bonds cannot recombine with such holes. In our 
scheme these deep centers a r e  identified a s  E, and they 
a r e  associated with local defects a t  dislocations whose 
concentration is, a s  pointed out above, (0.03 - 0.06)ND 
and which a r e  filled with electrons from E,  under equil- 
ibrium conditions. The low-temperature part  of curve 1 
in Fig. 6 i s  described by the law T;'= 10~exp(-0.25eV/ 
kT) sec-I, which resembles strongly the law describing 
thermally activated release of holes from a level of 
depth = 0.25 eV. It should be noted that formation of ac- 
ceptor levels with an energy E, + 0.27 eV in silicon cry- 
stals deformed a t  high temperatures is reported in Refs. 
7 and 8. We can assume that these a r e  the centers la- 
beled a s  &,. At temperatures T >  150°K the slope of 

result of exchange interactions, so that the ESR signal 
is less than the concentration of the broken bonds cal- 
culated on the basis of geometric considerations. Ex- 
citation of electrons to the band E, may result in dis- 
sociation of such pairs and i t  may increase the ESR sig- 
nal. Secondly, experiments of this kind may result in 
f~ rmat ion  of magnetic polarons a t  dislocations when an 
electron captured by a broken bond creates a ferromag- 
netic region because of exchange interactions and each 
such region contains several nearest broken bonds.'' An 
ESR signal due to such a ferromagnetic region may lie 
within the observed ESR spectrum of dislocations, since 
in this case we can clearly ignore the influence of the 
demagnetization factor, whereas the influence of the 
crystal field and other factors responsible for inhomo- 
geneous broadening and splitting can only decrease as a 
result of exchange interactions. However, these mech- 
anisms a r e  suggested only tentatively. 

curve 1 decreases and this may be due to limitations We a r e  planning to carry  out a more detailed investi- 
imposed on the rate of recombination by the transfer of gation of the kinetics of the photo-ESR effect and to com- 
holes from the valence band to the dislocation band El, pare i t  with the kinetics of the microwave photoconduc- 
and not by the activation of holes from the &, levels. tivity and also dc conductivity, and to study the spectral 
The slow component T, of the relaxation process is dependence of the effect exhibited by samples differing 
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in respect  of doping. 

We shall conclude by pointing out that Erdmann and 
Alexanderz2 recently observed a lso  the influence of light 
on the ESR in deformed silicon crystals .  However, the 
results  given in Ref. 22 differ considerably from those 
presented above. In particular, the ESR spectrum of 
dislocations in pure samples was  found to  be  weakened 
severalfold by illumination without a change in the form 
of the spectrum. Moreover, the spectral  dependence 
found by Erdmann and Alexander a l so  differs  consider- 
ably from that given in Fig. 8, although the character-  
istic energy of the red edge of the photo-ESR i s  still  
0.57 eV, in agreement with the second characterist ic  
energy found in the present study. Clearly, the differ- 
ences a r e  due to the very different s tructure of disloca- 
tion cores,  which i s  indicated by the fact  that even a t  a 
dislocation density of 2 X lo9 Erdmann and Alex- 
anderZ2 observed an ESR signal corresponding to just 
6 X 1014 cmm3 of spins, which is two o rde r s  of magnitude 
l e s s  than that observed by us. 

The authors wish to thank V. A. Grazhulis for  stimu- 
lating discussions. 
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