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The influence of uniaxial compression on the magnitude of the hyperfine splitting A in the
EPR spectrum of phosphorus in n-type silicon was investigated at 1.3°K. This investi-
gation was carried out on samples in which the phosphorus concentration was Np = (5-7)
10!7 em~? and whose degree of compensation was 60-99%. The dependence of the value

of A on the uniaxial compression of these silicon crystals was identical with that for
lightly doped silicon. This indicated that the compensation of heavily doped silicon re-
sulted in the formation of localized states. The value of A decreased with increasing de-
gree of compensation at zero applied pressure because of a correlation in the distribu-
tion of impurity atoms. It was established that the two causes of the fall in the value of
A (uniaxial compression and compensation) were independent in the investigated range of

uniaxial pressures (up to 30 kgf/mm?),

The magnitude of the hyperfine splitting A in The purpose of our experimental investigation was
“e EPR spectra of shallow donors in silicon may to find whether such a relationship existed.
" ::}"ced in two ways. First, the value of Amay  pypppiyENTAL INVESTIGATION
« reduced by uniaxial compression along the [100]
*+1[110] axes, This effect is due to the admixture AND RESULTS
! an excited doublet state to the ground singlet Our experiments were carried out on n-type
*tate of a donor impurity because of the compres- silicon, doped with phosphorus (Np ~ 5-10!%-7-10!7
ton-induced change in the populations of the con- em™3) and compensated with boron (K ~ 60-99%).

tion-band valleys (1]. Secondly, the strongcom-  The properties of the investigated samples and the
* wation of heavily doped n-type silicon may alter  hyperfine splitting at zero pressure, A, are given
“« value of A because of the Stark effect [2]. It is in Table 1.
*t clear whether there is any relationship between The EPR spectra were recorded by means of
rse two types of the reduction in the value of A, a spectrometer with direct amplification and high-

TA lE1

frequency (100 kHz) modulation, These spectra
were recorded at 1.3°K. The uniaxial compression
was applied along the [100] crystallographic axis

W e g e

:| Phospho! Degree of HFS : : P
concentration, [compensa- | p, @+ cm | splitting, at right angles to the static magnetic field.
Oe

N0, !
—— ST

R The values of A, were determined as a func-

o tion of the degree of compensation, keeping the

3.5.1018 < 0.1 0.20 ¢ :
5.1017 2 0.1 0.03 42 phosphorus concentration approximately constant,
5.1017 60 0.06 41 : < ;
71017 95 035 3740.5 The results are presented in Table 1. It is evident
71017 99 0.45 37+0.5 that, in the absence of compensation, A; is 42 Oe,
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Fig, 1. Dependence of the hyperfine splitting A in the EPR spectra
of n-type Si on the uniaxial compression along the [100] axis. 1)
Sample with Np = 3+ 10" cm™3, K < 0,1%; 2) sample with Np =
5.107 cm™3, K < 0.1%; 3)sample with Np=17-10" cm™, K =
99%; 4) theoretical dependence for Np = 1+ 10% cm™? [3l.

When the compensation is increased, A, decreases
to 37 Oe for K = 99%.

The experimentally obtained dependence of the
hyperfine splitting on the uniaxial compression is
presented in Fig. 1 for silicon samples with a
phosphorus concentration of Np = 7-10'" em™ and
K = 99%. This figure includes also the theoretical
dependence (dashed curve) deduced in [3] for lightly
doped silicon (phosphorus concentration Np = 1+
10'® em™?), as well as the experimental dependences
[4] for silicon with phosphorus concentrations of
Np =3-10% and 5-10'" em™, Figure 2 shows the
dependence of the ratio A/A; on the uniaxial com-
pression (A is the hyperfine splitting at zero pres-
sure). It is evident from Fig, 2 that the depen~
dence for our heavily doped sample is identical
with the dependence for lightly doped uncompen-
sated silicon.

DISCUSSION OF RESULTS

1, Penin, Zhurkin, and Volkov [2] suggested
an explanation of the reduction in the hyperfine
splitting A; in the EPR spectrum of phosphorus
caused by strong compensation.

A detailed discussion of this point is given in
[5], where it is shown that the electric fields of
the charged donors and acceptors alter the posi-
tions of the energy levels of the donor electron.
The 1s ground state, for which the probability of
finding an electron at the site of an impurity nu-
cleus | ¥ (0)|? is finite, acquires an admixture of the
2p excited state, for which | ¥ (0)|? =0. Thisreduces
the value of A because A « [ (0)| %, The splitting
of the energy levels of the donor electron by the
electric field of ionized impurity atoms (the Stark
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Fig, 2. Dependence of the relative hyperfine splitting A/ 1,

uniaxial compression along the [100] axis (Aq is the hyperfi;,

ting at zero pressure), 1) Sample with NpD = §+ 107 em™?, &
Ag= 42 Oe; 2)sample with Np = 7-107 em=3, K = 99%, 4,
37.5 Oe; the continuous curve gives the pressure dependence
A/ A, for a sample with Np = 310" cm™3, K < 0,1%,

effect) depends strongly on the spatial correlati

in the distribution of impurity atoms. The field:
the impurity centers are screened and since the:
are few free carriers, the screening is due to i

Volkov [5] assumed that the potential of charged
purities is the screened Coulomb potential,

U((r)= —‘i;exp (— -:—).

where [ is the screening radius and the donors a:
almost fully compensated by acceptors., Volkov .
these assumptions in the calculation of the reduc!
in A,, governed by the average value of the gradl
of the electric field established by the impurity «
ters in the direct vicinity of a neutral donor:

Agomp_ gisol
A 550l

_dnn | Usr2p) 2
=T En—Epp? *

where the superscripts”"comp" and "isol" refer to
compensated and isolated impurities, n is the im-
purity concentration (n = 10!® em™), and

E], — Ez, =0‘034 ev-

The screening radius can be found by substitutin
the experimental value of A, into Eq. (1) and calc
lating the matrix element by means of hydrogen-
like wave functions,

If the donor impurity concentration is Np = ©
10'" em™® and the degree of compensation is K -
the screening radius is I = 10a* (¢* is the effecti™
Bohr radius in silicon). In this case, the averag®
distance between impurity atoms is

Tay =0.62Nplr =3a".
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. Keldysh and Tratas [6] showed that the com-
ion of an n-type semiconductor results in the
Lup of the exchange bonds between donor elec-
.. s by the electric fields of charged impurity
.,-m,. A relative increase in the amplitude of the
. .crfine splitting lines was observed experiment-
iy i |7, 8] for n-type compensated silicon. This
.1.cated that localized states were formed.

An analysis of the dependence of the magnitude
¢ the hyperfine splitting of the EPR lines of phos-
cus in silicon (Np = 7.10'" em™, K = 99%) on

. uniaxial compression can give some informa-
.+ on the interaction of impurities in silicon,
I'igure 2 shows the dependence of the relative
-litting A/A, on the uniaxial compression applied
tree samples with phosphorus concentrations of
vy« 3+10%,5.10'7, and 7-10'" em™? (K = 99%). It
i« evident from Fig. 2 that the experimental points
.1 the curve for the uncompensated silicon, This
ieates that localized states are formed in the
. wily doped and compensated silicon.
No theoretical expression is yet available for
< influence of the electric fields of charged donors
+! acceptors on neutral impurities in a semicon-

.« tor subjected to uniaxial compression. However,
the experimental results (Fig. 1) indicate that the
curve for a compensated sample is identical with
tse curve for a lightly doped crystal, and is shifted
from the latter by 4 Oe, which is equal to the dif-
ference between the values of the hyperfine splitting
t sero pressure. Hence, we may conclude that, in
‘e investigated range of uniaxial compression (up

to 30 kgf/mm?), the two causes of the reduction in
the hyperfine splitting (uniaxial compression and the
Stark effect) are independent,

The authors are grateful to A. B. Fradkov for
his interest and help in this investigation, to B. A,
Volkov for discussing the results, and to N. B.
Shembel' for his help in the experiments,
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