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Effect of doping on the electron spin resonance in phosphorus doped
silicon was investigated. At liquid helium temperature, a resonance line
was observed at the center of the hyperfine structure in samples of fairly
high phosphorus concentration and only the central line remained at
higher donor concentration and temperatures. The g-value and the line
width were functions of the phosphorus concentration. The central line
was identified with fairly free electrons, including conduction electrons.
The line width was considered to be determined by the impurity scatter-
ing and a spatial extent covered by the movement of electrons.

§ 1. Introduction

Most of the electron spin resonance studies in
silicon have been concerned with electrons or
holes localized on various lattice defects.” A
few experimental works have been reported on
conduction electrons.?”’

In the present work, electron spin resonance
experiments were carried out at room, liquid
nitrogen and liquid helium temperatures on n-
type silicon doped with various amounts of
phosphorus. At liquid helium temperature, a
resonance line was observed at the center of the
hyperfine structure in samples of fairly high
phosphorus concentration and only the central
line remained at higher donor concentration and
temperatures. The g-value and the line width
were measured as a function of phosphorus con-
centration. Some part of the experimental results
at room and liquid nitrogen temperatures have
been already reported, showing that the observed
electron spin resonance is related with the elec-
trical conduction.®*’ The present study, as a
whole, has confirmed the relation between the
electron spin resonance and the electrical con-
duction. The following model is proposed for
the absorption line at room and liquid nitrogen
temperatures and the central line at liquid helium
temperature: (1) the resonance is due to fairly
free electrons, especially at higher donor con-
centration and/or temperatures, they are conduc-
tion electrons; (2) the line width is determined
by the impurity scattering and a ‘‘mean free
path’’ corresponding to the spatial extent covered
by the movement of electrons.

§ 2. Experimental

Experiments were carried out at room, liquid
nitrogen and liquid helium temperatures, using
an X-band ESR spectrometer. The samples were
powdered silicon doped with phosphorus, whose
concentration was determined from the room
temperature resistivity measurement and ranged
from 7x 10" to 5x 10" cm™. The surface res-
onance was eliminated by etching the pulverized
samples in the mixture of hydrofluoric and nitric
acids.

At liquid helium temperature, a resonance
line appears at the center of the hyperfine
structure in samples of fairly high phosphorus
concentration and only the central line remains
for the phosphorus concentration higher than
10®cm™. At room and liquid nitrogen tem-
peratures, only a single line is observed corre-
sponding to the central line at liquid helium
temperature. The line shape of the central line
was found to be Lorentzian independent of
temperature and phosphorus concentration, while
that of the hyperfine lines Gaussian.

The g-value and the line width of the central
line were measured as a function of phosphorus
concentration as shown in Figs. 1 and 2. The
g-value at room temperature decreases mono-
tonically with increasing donor concentration,
while at liquid nitrogen temperature, it is ap-
proximately constant up to a certain donor con-
centration. At liquid helium temperature, the
concentration range, where the g-value is con-
stant, becomes wider than that at liquid nitrogen
temperature. The line width at room temperature
increases monotonically with the donor con-
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Fig. 2. Dependence of line width on the donor
concentration in phosphorus doped silicon.

centration, while at liquid nitrogen and liquid
helium temperatures, it shows a minimum.

The absorption intensity of the central line
was measured at room and liquid nitrogen tem-
peratures by comparing with the absorption
signal from the known amount of DPPH. In
order to estimate the number of spin in a silicon
sample, it is desirable that the rf magnetic field
acting on the sample is the same as that acting
on the reference. The reference sample DPPH
was deposited on the inner wall of a quartz
tube which was used to hold the powdered
silicon sample. The effective spin density, N *
is defined as the number of DPPH molecules
which yield the absorption of the same intensity.
Assuming that the absorption intensity is pro-
portional to the paramagnetic susceptibility, the
effective spin density is related with the density
of conduction electrons, », as

N*—nM. (l)

" F 1/2(9)

In the above equation, F,;, the Fermi integral,
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Fig. 3. Effective spin density at room temperature
plotted against the electron density.

F’,,, its first derivative and 5 the reduced Fermi
energy. One-to-one correspondence between the
number of spin and conduction electron was
confirmed at room temperature, as shown in
Fig. 3. At liquid nitrogen temperature, the
qualitative agreement was found only at higher
donor concentration.

Resonance behaviors of the hyperfine structure
and the central line were compared at liquid
helium temperature in the same sample where
both were observed. They were found to be
different in the following respects.

(1) The g-value of the central line is larger
by an amount

0.000194-0.00012.

(2) The line width of the central line changes
with the donor concentration, while that of the
hyperfine lines is constant.

(3) The line shape of the central line is
Lorentzian in contrast to the Gaussian hyperfine
structure.

(4) The hyperfine lines easily saturates as
compared to the central line.

§ 3. Discussions

At room temperature, phosphorus atoms are
completely ionized, leaving no unpaired electrons
on impurity centers. Most of the electrons are
excited into the conduction band at liquid nitro-
gen temperature, if the donor concentration ex-
ceeds 10*cm™. Combined with the calculation
of the degeneracy temperature, the electron spin
resonance at room and liquid nitrogen tem-
peratures are considered to be due to the non-
degenerate and degenerate conduction electrons
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respectively. According to the theory of the
electron spin resonance of conduction elec-
trons,”® the ratio of the line width to the
square of the g-shift is a linear function of the
reciprocal of the impurity scattering mobility 4.
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Equation (2) holds for the nondegenerate conduc-
tion electrons and eq. (3) for the degenerate
ones.” In the above equations, y; stands for
the lattice scattering mobility, ¢ the impurity
concentration and coefficients 4, f, A* and f*
are constant at a fixed temperature. As is seen
in Fig. 4, qualitative agreement was found be-
tween the theory and experiment, showing that
the increase of the line width is attributable to
the ionized impurity scattering.

Electrical conductivity measurements at liquid
helium temperature™® have shown that, if the
phosphorus concentration exceeds 4x 10" cm™,
the electrical conductivity is fairly high on ac-
count of the formation of impurity band. The
central line at liquid helium temperature will be
identified with conduction electrons, if the donor
concentration is higher than that of the minimum
line width. The increase of the line width may
be attributed to the impurity scattering. On the
other hand, the electrical conductivity is quite
low in samples of such lower donor concentra-
tion that both hyperfine structure and the central
line are observed. Although the low electrical
conductivity and the presence of the hyperfine
structure suggest that most of the electrons are
localized on impurity centers, the central line
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Fig. 4. Comparison with the theory of the elec-
tron spin resonance of conduction electrons.
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may not be considered to be due to localized
electrons because of the difference in the res-
onance behaviors. The g-value of the central
line is constant from the lower concentration
where the hyperfine structure is observed to the
higher concentration where electrons are con-
sidered to move freely through the impurity or
conduction band. Then the central line, for
such lower donor concentration, should be iden-
tified with fairly free electrons. The electrons,
however, cannot move so freely as they are in
the conduction or impurity band. They are trap-
ped in the neighborhood of several phosphorus
atoms and moving from one phosphorus atom
to another one. The line width will be determin-
ed by a “mean free path’> which corresponds
to a spatial extent covered by the movement
of electrons, resulting in the decreasing line
width with the increasing donor concentration.
This will be the case also with the experiment
at liquid nitrogen temperature.

Any model has never been proposed for the
concentration dependence of g-values. The effect
of temperature on the concentration dependence
suggests that the spread of the electron energy
due to thermal motion would be one of the
possible causes.

§4. Conclusions

A single absorption line was observed at room
and liquid nitrogen temperatures and a line at
the center of the hyperfine structure at liquid
helium temperature. They are identified with
fairly free electrons. At room temperature, the
line width increases with the donor concentra-
tion and the resonance absorption is ascribed
to conduction electrons. At liquid nitrogen and
liquid helium temperatures, the line width shows
a minimum at a certain donor concentration.
The resonance absorption is attributable to elec-
trons in the conduction or impurity band for
the donor concentration higher than that of the
minimum line width. The increase of the line
width is explained by the impurity scattering.
At lower concentration and temperatures, elec-
trons are able to move only in a limited spatial
extent and the line width will be determined by
a “‘mean free path’’ corresponding to the limits
of movement.
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DISCUSSION

Geist, D.:

The resonance of holes in B shows a similar benaviour:

A decrease in line

width from 800 down to 77°K. But an increase to yet lower temperatures (1.5°K). Fur-

ther, there is a dependence of line width on the doping element, C, Si or Be.

This shows

that the holes cannot be considered to be free in the usual sense. Therefore, I should
ask whether anything is known about the influence of the doping element on the line
width in doped Si.

Kodera, H.: My work has been done especially on the P doped Si. However in the
preliminary experiment it was found that the width became quite large in As or Sb doped
Si, enough to make it very difficult to observe the resonance signal at room temperature.
Dr. Schneider has reported that the line width of the As doped Si is large at liquid ni-
trogen temperature as compared with the P doped Si.

Maekawa, S.: We observed the susceptibility by ESR technique in P doped Si. In the
non-metallic sample, at 77°K, the observed value is much larger than the estimated value
for conduction electrons. This suggests that the resonance absorption is due also to localized
electrons in hopping motion as well as the conduction electrons. In the metallic sample,
the observed value is also larger than that estimated for conduction electrons. So it seems
to us localized electrons will contribute to resonance absorption in any case.

Kodera, H.: I have discussed only the qualitative nature of the resonance behavior
showing that the central line is ascribed to free electrons. Although most of the present
experiments are explained by the free electron model, quantitative disagreement with the
theory was encountered in many cases, and also some of the experimental results, such
as the concentration dependence of the g-value, have not been explained. The presence of
the localized spin might be one of the possible causes for the facts which cannot be ex-
plained by the free electron model.



