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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 ND = (5-7) • 
1017 cm-3 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 i.n the formation of localized states. The value of A decJ'eased 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 2), 

The magnitude of the hyperfine splitting A in 
",. ~. I'H spectra of shallow donors in silicon may 
'0(' reduced in two ways. First, the value of A may 
.... n 'duced by uniaxial compression along the (100) 
I .j 1110} axes, This effect is due to the admixture 

The purpose of our experimental investigation was 
to find whether such a relationship existed. 

EXPERIMENTAL INVESTIGATION 
AND RESULTS 

! lin eXcited doublet state to the ground singlet 
I: tIc of a donor impurity because of the compres­
' ; ':i -Induced change in the populations of the con­

tlon-hand valleys [1]. Secondly, the strong com­
.' ',Ilion of heavily doped n-type silicon may alter 

,. \'l lue of A because of the Stark effect (21. It is 
. : rlear whether there is any relationship between 
'.rsc two types of the reduction in the value of A. 

.'l·fllel Phosphorus. I Degree of 
'.1 e0neentrauon eom pensa-

' em-' • rioh K. "/0 

I 
2 
J . 
~ 

3.5· lOIS 
5.1017 

5.1017 

7. 1017 
7.1017 

< 0 .1 
<0.1 

60 
95 
99 

HfS 
P. n· em splitting . 

De 

0 .20 42 
0.03 42 
0 .06 41 
0.35 37±0.5 
0.45 37±0.5 

Our experiments were carried out on n-type 
silicon, doped with phosphorus (ND ~ 5 '1017_7 ' 1017 

cm-3) and compensated with boron (K ~ 60-99%). 
The properties of the investigated samples and the 
hyperfine splitting at zero pressure, Ao, are given 
in Table 1. 

The EPR spectra were recorded by means of 
a spectrometer with direct amplification and high­
frequency (100 kHz) modulation. These spectra 
were recorded at 1.3°K. The uniaxial compression 
was applied along the [100) crystallographic axis 
at right angles to the static magnetic field. 

The values of Ao were determined as a func­
tion of the degree of compensation, keeping the 
phosphorus concentration approximately constant, 
The results are presented in Table 1. It is evident 
that, in the absence of compensation, Ao is 42 Oe. 
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Fig. 1. Dependence of the hyper fine splitting A in the EPR spectra 
of n-type Si on the uniaxial compression along the [100] axis . 1) 
Sample with ND = 3·uf6 cm-', K < 0.1,,/0; 2) sample with. D = 
5.1011 cm-3

, K < 0.1,,/0 ; 3) sample with ND = 7.1011 cm-', K = 
99"/0; 4) theoretical dependence for ND = 1.1016 cm-3 [3]. 

When the compensation is increased, Ao 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 Nn = 7' 1017 cm-3 and 
K = 99%. This figure includes also the theoretical 
dependence (dashed curve) deduced in [3] for lightly 
doped silicon (phosphorus concentration Nn = l' 
1016 cm-3), as well as the experimental dependences 
[4] for silicon with phosphorus concentrations of 
Nn = 3· 1016 and 5' 1017 cm-3 • Figure 2 shows the 
dependence of the ratio AI Ao on the uniaxial com­
pression (Ao 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 Ao 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 I>¥ (0) 12 is finite, acquires an adm ixture of the 
2p excited state, for which 1>¥(0)1 2 =0. Thisreduces 
the value of A because A a: I>¥ (0) 12. The splitting 
of the energy levels of the donor electron by the 
electric field of ioni zed impurity atoms (the Stark 

o 10 20 30 
p. kgf/mm% 

Fig. 2. Dependence of the relative hyperfine splitting A/ '~e 

uniaxial compression along the [100] axis (Ao is the hyperfi ,., 
ting at zero pressure). 1) Sample with ND = 5 ·Up cm-3, K , 
Ao = 42 Oe; 2) sample with ND = 7 '1<f1 cm-', K = 99')., ~. 
37.5 Oe; the continuous curve gives the pressure dependence 
AI Ao for a sample with ND = 3· 1016 cm-S

, K < 0.1"/0. 

effect) depends strongly on the spatial correlali 
in the distribution of impurity atoms. The fi eld 
the impurity centers are screened and since thl ; 
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) = .er exp ( - T)"' 
where l is the screening radius and the donors a: 
almost fully compensated by acceptors. Volko\" . 
these assumptions in the calculation of the r edUl . 
in Ao, governed by the average value of the grad! 
of the electric field established by the impurity r 
ters in the direct vicinity of a neutral donor : 

1 
A~omp_ A~sol 1_ 4nn I (1s ~ r 11 2p) 12 

Aoisol - I (Ell - E2p)2 

where the superscripts "comp" and "isol" refer tl) 
compensated and isolated impurities, n is the im ­
purity concentration (n = 1018 cm-3), and 

The screening radius can be found by substitutinJ.: 
the experimental value of Ao into Eq. (1) and ca lc 
lating the matrix element by means of hydrogen­
like wave functions. 

If the donor impurity concentration is ND - '; . 
1017 cm-3 and the degree of compensation is K - •. 
the screening radius is l = lOa * (a * is the effcc tl ' 
Bohr radius in silicon). In this case, the avera~l" 

distance between impurity atoms is 

ray = O.62N-;;'· = 3 a'. 



, . 

I 
1 

. 
• 

--~~------- - ~-------~~- ,,-t<-. ,r' ,~, 

EPR OF PHOSPHORUS IN COMPENSATED n-TYPE Si 1491 

: . Keldysh and Tratas [6] showed that the com­
t =<' 11 of an n-type semiconductor results in the 

\ \lp of the exchange bonds between donor elec­
• • , . Il u\' the electric fi elds of charged impurity 
: . " 'IS . - , \ relative increase in the amplitude of the 
· ...•. rffl1c splitting lines was observed experiment-
• '\ III 17, 8] for n-type compensated silicon. This 

. : ,,·.Ilcd that localized states were formed. 
.\11 analysis of the dependence of the magnitude 

f tIll' hyperfine splitting of the EPR lines of phos­
(liS ill silicon (ND = 7.1011 cm-3, K = 99%) on 

... . Hll i:lxial compression can give some informa-
• ,'II on the interaction of impurities in silicon. 

!'j ~ure 2 shows the dependence of the relative 
' i,i ltllllg AI Ao on the uniaxial compression applied 
· tlllTe samples with phosphorus concentrations of 
' :1 :l '1016,5'1017,and7'1011cm-3 (K = 99%). It 

14 t·"lden t from Fig. 2 that the experimental points 
' .: the curve for the uncompensated silicon. This 

!:n tes that localized states are formed in the 
• l\ tl~· doped and compensated silicon. 

:-;\) theoretical ell.'Pression is yet available for 
" f ' In flucnce of the electric fields of charged donors 
\·,, 1 :H'ceptors on neutral impurities in a semicon-

.\ til l' sub jected to uniaxial compression. However, 
:' \' t'xperimental results (Fig. 1) indicate that the 
I ,I' ve for a compensated sample is identical with 
:'". t'\l rve for a lightly doped crystal, and is shifted 
! ; III the latter by 4 Oe, which is equal to the dif-
!rt "nee between the values of the hyperfine splitting 
.t ;e ro pressure. Hence, we may conclude that, in 
"I" Investigated range of uniaxial compression (up 

to 30 kgf/mm 2), the two causes of the reduction in 
the hyperfine splitting (uniaxial compression and the 
Stark effec t) 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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