PHYSICAL REVIEW B

VOLUME 21, NUMBER 12

15 JUNE 1980

Effect of internal strains on thermal-phonon scattering in Li-doped Si
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The thermal conductivity of Li-doped Si has been measured down to 0.1 K. It is shown that the observed
strong scattering of low-frequency phonons below 2 K can be explained by taking account of the resonant
phonon absorption between the ground state of Li donors, which is split at random due to internal strain
fields. The Gaussian distribution of the energy-level splitting is found to have a width of about 0.2 meV,
with approximately 20% of the Li impurities occupying distorted sites.

I. INTRODUCTION

Scattering of thermal phonons by electrons bound
to impurities in semiconductors was shown to ac-
count satisfactorily for low-temperature thermal
conductivity data in lightly doped materials, and
mainly in Si and Ge.! The calculated results were
obtained by considering elastic and inelastic scat-
tering due to electron transitions between energy
levels of the impurity ground state.?® In partic-
ular, such analysis has been recently shown to al-
low the determination of the valley-orbit splitting
of the ground state of Li donors in Ge.* However,
at lower temperatures, the above theoretical ap-
proach was found unable to account for some ex-
perimental data, that is, the theory underesti-
mates the phonon scattering. In a previous work,’
Fortier and Suzuki could satisfactorily analyze the
thermal conductivity of Si doped with Li (in the
isolated impurity concentration range) down to 2.5
K on the basis of scattering processes mentioned
above. The disagreement observed at lower tem-
peratures (2.5 to 1 K) between experimental and
calculated results was suggested by the authors to
arise most likely from the split of the ground state
due to internal strains. The effect of the latter has
been recently considered and discussed to account
for the thermal conductivity data at lower temper-
atures. Challis et al.® have interpreted the thermal
conductivity of p-type Ge by taking account of the
resonant phonon absorption between the acceptor
ground-state split due to internal strains. Singh’
has calculated the effect of internal strains on the
thermal conductivity of Li-doped Si. However,
his calculation is not adequate because of the fol-
lowing points: (i) No account is taken concerning
the effect of internal strains on the donor wave
functions, and therefore on the coupling coeffic-
ients Cg in the donor-phonon interaction. (ii) The
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strain-induced energy splitting is assumed to be
identical for all impurities in the crystal, while
one may expect to have a distribution of the split-
ting of energy levels over a certain energy range
because donor electrons are most likely submit-
ted to random strain fields. The assumption of
uniformity of the splitting of energy levels leads
to resulting adjusted values which are not sup-
ported by ir (Ref. 8) and EPR (Ref. 9) data. (iii)
The split of the triplet of the donor ground state is
not taken into account.

In the present paper, we report the thermal con-
ductivity measurements extended down to 0.1 K on
Li-doped Si in the isolated impurity range, and
analyze these results by including, in addition to
the phonon scattering previously considered,’ the
resonant absorption between the ground state split
due to internal strains.

II. EXPERIMENT

The thermal conductivity between 0.1 and 10 K
was measured using the usual longitudinal steady-
state heat-flow technique. Carbon Speer resistors
as well as a compound carbon device'® were used
as thermometers. The starting silicon was a
2500-8 cm resistivity material with low oxygen
concentration (<10'®* cm™3). The samples were in
the shape of rectangular parallelepipeds 35 mm
long and with a cross section s of about 2 X 3 mm?,
The doping of the samples with Li was carried out
on the basis of the previous method used,’ involv-
ing the evaporation of Li on both sides of the sam-
ple followed by appropriate heat treatments leading
to the different Li concentrations and to a good
homogeneity. The Li donor density N was deter-
mined from Hall measurements at room tempera-
ture.

The characteristics (carrier density N and Cas-
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FIG. 1. Thermal conductivity K of Li-doped Si sam-
ples. Experimental data: S (N=1.6 X 10'¢cm™), points
AA; S (N=3 x10'6cm™3), points ®m; Sy (N=7.5 x 10
em™3), points ¥V. Solid lines: calculated curves taking
into account the effect of internal strains. The fits were
obtained for a Gaussian strain distribution of half-width
corresponding to a doublet level splitting of 0.2 meV,
the impurity rate being in distorted sites (the “two-site”
model) is about 20%. Dotted line ---: calculated ther-
mal conductivity K, for “pure”’ sample. Dashed line
— ——: calculated thermal conductivity for sample S,
without including the effect of internal strains (previous
analysis, see Ref. 5).

imir’s length L =2 7-*/25'/2) of the three samples
measured were for S;, N=1.6 %10 ¢cm™, L=0.26
cm; for S;;, N=3x10" ecm™, L =0.25 cm; for Sy,
N=7,5x10'® cm™, L =0.26 cm. The carrier con-
centrations considered correspond to the isolated
impurity range. The thermal-conductivity data
relative to'the above three samples are shown on
Fig. 1.

III. THEORY

The ground state of Li-donors in Si consists of
the nearly degenerate triplet (7,) and doublet (E)
and the higher-lying singlet (4,).%° Internal fields
with lower symmetry than 7,, for example strain
fields due to dislocations, can lift the degeneracy
of the triplet and doublet states.’ Internal strains
are considered to have finite values of the follow-
ing components®:

e ==e,=3 (e, te,)-e,, (1)
e;=—€, =% (eyy" exx) ’

where e, e, and e, are the diagonal compon-
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ents of the strain tensor. It is assumed for sim-
plicity that e, and e, are independent, and the dis-
tributions of their magnitude, P(e,) and P(e,) have
a Gaussian or Lorentzian form. The energy split-
ting resulting from these strains are for the trip-
let

AE,=3 E, (e, - V3 ¢,)
H e, +V3 ey) (2)
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and for the doublet
E,=23 E, (e +e§)1/2. (3)

The wave functions of the triplet are unchanged,
and those of the doublet become*

|+)=al1)+b]2), |-)=b|1)-al2), (4)
where

a=sin(3¢), b=cos(z0), cosd=e,(e2+e2)/?,
and (5)

sing =e,(e? + e2)* /2,

Here [Ei |<< A is assumed, where & denotes the
energy difference (1.8 meV) between the A, and the
T, and E states in absence of strain, |1)and |2)
denote the E states in the absence of strain, and
%, is the deformation potential for shear strain.

The splitting of energy levels within the lowest
quintet (E + T,) is distributed over a certain range
reflecting P(e,) and P(e,). In this case the reson-
ant phonon absorption of low-frequency phonons
contributes considerably to the thermal resistance
at low temperatures. For a given e, and e,, the
relaxation rate per donor for this process, 7',
can be easily calculated®

a_Tw 54 2 2f W -Bhw
. "51)7,(3 ) f <Z)')N(T)w,(1—e Yo (i - 26),

(6)
where
w, =5(1+4a%b?)
w, = (1+4 a?b?), (7)
wy=3(1 -4 a%b?),
20=E, —E_=%FE (e2+e2)/2, (8)

Here 8=1/k,T and N(T) is the occupation rate of
the state |- ). The notations are the same as in
Ref. 5: p is the density of mass, v, is the velocity
of sound for the ¢ mode, and

flw/v)= (1+% " vi ) |

t

where a* is the effective Bohr radius.
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An averaging relaxation rate per donor is given
by

<T;1>=ff‘r;‘ Pl(e,) P(e,) de,de, . (9)

Furthermore in order to analyze the experimental
results, we will approximate this equation by a
combination of two limiting cases: (i) ¢,#0, e,
=0 and (ii) ¢, =0, e,#0. We have

(TH=1=x)(TH, +x(T;", withO<x<1, (10)

Tw (= ;
(T i, == (—")fz(;—j’ )(N*,-+N;)u»;(1 —e ) P(w),
t.

pv3\3
(11)
where
wy =§s w; '—‘210’ Wz = l?’ 7012. = g: w%:%, wg =0 s
(12)
and
N1+ =eBhw/2/(e-BA+ eBhw R 4 g Bhw/2 e-ma) ,
NS =e8hw/2/(e-BA+ ReBhw/2 SBhw/2 eﬂﬁw) , (13)
1\]; =N; =eBhw/2/(e-BA + e-Bﬁw/2+ eBhw/2
+ o BV3hw/2 4 pBY3Rw/2 4 1) ,
and
P(iiw) =7;—7”—1r eu? 128
or (14)
1 o
Plo) = -

Here o denotes the variance and the half-width for
the Gaussian form (and the Lorentzian one) of the
distribution of 26 [see Eq. (8)]. x and (1 —x) denote
the percentage of donor electrons feeling strains
of ey type and e, type, respectively.

Now we will adopt a ‘“two-site” model considered
by Challis e al.® in which a part of the impurities
occupy the distorted sites and the rest the undis-
torted sites. The relaxation rate due to internal
strain fields finally becomes

(TR)=Ng(T]Yy,

where Ny is the donor density in distorted sites.

The relaxation rates for elastic and inelastic
scattering are very complicated for donors in dis-
torted sites. However, we will use the expressions
given in Ref. 4 for donors in both distorted and un-
distorted sites. This approximation is good as
long as |E,| <A,

The thermal conductivity was calculated by using
Holland’s expression with boundary and isotope
scattering and the electron-phonon and phonon-

phonon interactions. Values of physical parame-
ters are the same as in Ref. 4.!2

IV. RESULTS AND DISCUSSION

The parameters x, Ny, and o have been con-
sidered as adjustable parameters. The best fits
of the experimental data, assuming a Gaussian
form for P(e;) and P(e,), were obtained for x
=0.5, Ng/N=0.2, and 0 =0.2 meV, where N is the
donor concentration (Fig. 1). A Lorentzian distri-
bution gives less satisfactory fits.

In Fig. 2 is shown the w dependence of various
relaxation rates using values of parameters which
give the best fit. On the other hand, the effect of
different values for the adjusted parameters x,
Nz, and o on the calculated thermal conductivity
is illustrated in Fig. 3. It is worth noting that the
ratio Niy/N (and also o) depends little on samples
used here.

We will briefly remark on the values of param-
eters obtained by the present analysis. The value
of x is reasonable, since x and 1 - x should be al-
most the same. Watkins and Ham® obtained a

Q T va] T lvv] T T

FIG. 2. Relaxation rates as a function of pulsation w
of phonons due to the second-order electron-phonon
elastic (7;!) and inelastic (7{' and 73%) processes, and
to the first-order processes (7'#) due to internal
strains. The calculations were obtained for the temper-
atures T=0.5 K (solid lines) and T=3 K (broken lines)
and the parameter set giving the best fit for K, that is,
0=0.2 meV; Ng/N=20%. (77 and 73° are negligible at
0.5 K; 7;!is not affected by temperature variation.)
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FIG. 3. Calculated thermal conductivity relative to sample Sy (V=3 X 10! ¢cm™ and L=0.25 cm); experimental data:
points (ee)]for different values of the adjustable parameters x, N, and o (K is the calculated thermal conductivity for
“pure” sample). (a) 0=0.2 meV, Ng/N=20%; x=0.8 (dashed line ———), 0.5 (solid line), 0.2 (dotted line ---). (b) ¢

=0.2 meV, x=0.5; Ng/N=10% (dotted line ---), 20% (solid line
), 0.12 meV (dashed line ———),

=0.5; 0=0.3 meV (dotted line ---), 0.2 meV (solid line

root-mean-square strain of ~1-2X 108 for internal
strains. This value of (¢{),.ms and (e;) s leads to
0 ~0.01 meV which is much smaller than our value.
However, donor electrons in distorted sites are
expected to feel much larger strain fields than an
average value. Therefore ¢ =0.2 meV is not un-
reasonable. According to the results of Challis
et al.’ and Wilson,!® the above behavior can also
be found in doped Ge.

We have shown a model which can well explain
a large thermal resistance of Li-doped Si at low-
er temperatures. In this model 20% of the donors
are in distorted sites and the rest, 80%, are in
undistorted sites, and the energy splitting due to
internal fields is small, since o is such that the

), 30% (dashed line ———). (c) Ng/N=20%, x

condition o0<< & (with 4 =1.8 meV) holds true.
These results (small values of Ny and o) are com-
patible with ir (Ref. 8) and EPR (Ref. 9) data,
since the additional optical transitions induced by
internal strains have unobservable or negligible
effects in comparison with the linewidths and the
random noise of spectra.
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