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. The role of electron—phonon scattering parameters (the reduced Fermi energy %,
the densny of states effective mass m*, the deformation potential constant Ep and the carrier.,
concentration #) in the estimation of the lattice thermal conductlvxty of the doped sem1->
conductor was studied at low temperatures by calculating the total‘lattice thermal conductiv-
ity of the five samples of P-doped Ge having different carrier concentrations in the temper-
ature range of 1-5 K. The variation of the percentage contribution due to non-peripheral
phonons with the parameters #*, m*, Ep and r was also’investigated at low temperatures.

PACS numbers: 66.70.+f, 63.20.Kr, 72.20.Dp

1. Introduction

The requirements for the conservation of energy and momentum suggest that the entire
phonon can not interact with electrons. The phonons which can not interact with electrons
are referred to- as peripheral phonons [1]. whose wave vectors satisfy the condition
g} > 2|KFI The phonons with a wave vector |g] < 2|Kg| can interact with e]ectrons
and can be referred to as non-penpheral [1] phonons, where Ky is the wave vector COT:
responding to the Fermi surface. In view of the above stated distinction, and followmg
Blewer et al. [11, the author and his co- workers [2-6] studied the lattlce thermal conductivity
of the doped semlconductors at low temperatur°s by expressmg the total Tattice thelmal
conduetivity as'a sum, of two contrlbutlons Kg due to non-perlpheral phonons and Km.
due to peripheral phonons, and it is reported that this approach givesa very good response ;
to the experimental data of the lattice thermal conductivity of the doped samples at low
temperatures. » '

Recently, Boghosian and Dubey [3 4] stud1ed the lattice thermal conductivity of
five samples of P-doped Ge having different carrier concentration in the rarge of n = 1.2
x1023m~3 to 1.1x102%m~%in the temperature range-of 1-5 K by estimating the separate
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contributions due to peripheral and non-peripheral phorens, and it has been reported
that at low temperatures, the lattice thermal corductivity of the P-doped Ge is mainly
due to non-peripheral phonons and the electron-phonon scattericg relaxaticn rate [7]
plays a very important role in it. From earlier studies, it is also very clear that the reduced
Fermi energy #*, the density of states effective mass m*, the deformation potential constant
Ejy, and the carrier concentration n are responsible factors to determire the electron-phencn
scattering relaxation rate. Therefore, there is a reed to study the role of these paramieters
to estimate the low temperature lattice thermal conductivity ¢f a doped sample.

.. The aim of the present work is to study the effect of the electron-phonon scattering
parameters n*, m*, Ep and n on the lattice thermal conductivity of the dcped samples at
low temperatures and the P-doped Ge sample is taken as an example. The variation of
the percentage contribution ¥, Ky due to non-peripheral phonons toward the total lattice
thermal conductivity of P-doped Ge with ¥, m*, Ep and » has also been studied in the
present ‘work.

2. Phonon conductivity integral

Considering the separate contributions due to peripheral acd non-peripheral phenons,
following the earlier work of the author and his cc-workers [2, 3], ard using the Callaway
[8] expression of the lattice thermal conductivity, the total phonon conductivity of a doped
sample can be expressed as,

K = KN+KPh’ (1)
/T
Ky=C ‘j) (t5 '+t Hrt + 1) TIR(x)dx, ®))
8T N
Kp, = C ) JT (t5 '+t +r) T R(x)dx, 3)

C = (Kg/2n%0) (KgT/h)?, F(x) = x*e"(e"—1)7?,
= (hw/KgT), 6* = (2Fhv [Ky) (n*n)'/3, 4
where Kj is the Boltzmann constant, # is the Planck constart devided by 27, 6% is the
characteristic temperature [2, 3] which differentiates peripheral phcnens frcm non-peripher-
al phonons and depends on the carrier concentraticn s, F is a constant [2, 3], v is the
average phonon velccity, vy is the longitudinal phonon velccity, @ is the Debye temperature
of the sample, 75 %, Tl Tep' and T;h’ are the boundary [9], point-defect [10], electron-phonon
[7] and phonon-phonon [8] scattering relaxation rates respectively. As stated earlier,
our study is confined to low temperatures only. The expression used for these scattering
relaxation rates can be expressed as
75 ' = vfL,
T = Ao®,
T = Bw’T?,
{1+exp n*—(N|T)— PTx* +x/2}
{l+expn* -—_(N/T)-—Psz—xIZ}:l g

1! = DT ln[ @
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where ’
D = (Egm**Ky)|(4nh*v ),

n* = Eg/KyT, N = m*v}2Ks, P = Ky/(8m*v}),

0 is the density of the sample, L is the Casimir [9] length of the sample, Ey is the Fermi

energy level, 4 and B are the point-defect and phonon-phonon scattering strengths,

respectively, and other terms have the same meaning as defined above.

It should be noted that the correction term [8] AK due to the three phonon normal
processes has been ignored in equation (1) due to its small contribution [11-14]. At the
same time, the three phonon scattering relaxation rate 'r;hl‘ has been also ignored in the
actual calculation due to its negligibly small contribution compared to other scattering
relaxation rates at low temperatures.

3. Results and discussions

'Using the constants reported in Table I, which are taken from the earlier report of
Boghosian and Dubey [3], the role of the electron-phonon scattering parameters n*, m*,
E,, and n in the estimation of the lattice thermal conductivity of the five samples of P-doped
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Fig. la. The variation of the totalattice.thermal d¢onductivity of P-doped Ge samples with n*. Curves

b, ¢ and e correspond fo samples having n = 1.7Xx10%%; 2.35x10?% and 1.1x10** m~3, respectively

¢




315

Ge having different carrier concentrations have been studied in the temperature range of
1-5 K by calculating the separate contributions of K, due to peripheral phonons and Ky
due to non-peripheral phonons with the help of numerical integration of equations (2Z)
and (3). The variation of the total lattice thermal conductivity K with the reduced Fermi

2
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Fig. 1b. The variation of the total lattice thermal conductivity of P-doped Ge samples with ¥ Curve
a corresponds to n = 1.2x10** m~3 and d corresponds to # = 5.6x 10?3 m~3

energy n* is shown in Fig. 1 while the variation of K with m* is shown in Fig. 2. The varia-
tion of the total lattice thermal conductivity K with Ey, is illustrated in Fig. 3 and the varia-
tion of K with nis shown in Fig. 4. The percentage contributions %, Ky due to non-peripheral
phonons towards the total lattice- thermal conductivity of P-doped Ge for the different
values of #*, m*, £y and n have also been studied and the results obtained are given in
Tables I and III for the different values of #* and m respectively. The results obtained for
the different values of E, and »n have been given in Table IV.
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3.1. Variation of the lattice thermal conductivity Kwith the reduced Fermi
energy n*

The variation of the total lattice thermal conductivity of the five samples of P-doped
Ge having different carrier concentration with #* can be studied with the help of Fig. la
and 1b at a constant carrier concentration n shows that the lattice thermal conductivity
of the P-doped Ge decreases with increase of n* for-each value of n. At the same time, it
is also very clear that the nature of K vs n* curve is approximately the same for each value
of nin the range 1.2 x 1023 —1.1 x 1024 m~3: From Table I as well as from the earlier report
of Boghosian and Dubey [3], it is very clear that #* decreases with increasing 7. At the
same time, K shows an increase with 7. Due to these two variables K should decrease with
increasing n* is a way similar to the results shown in these two figures. However, from
Table IL, it can be seen that the per cent of Ky decreases with the decrease of n* for each
value of n, i.e. for each sample.

3.2. Variation of K with m*

From Fig. 2, it can be seen that for any value of the carrier concentration i.e., for
each sample, K increases with an increase of m*, and the nature of K vs m* is nearly the

[
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Fig. 2. The variation of the total lattice thermal conductivity of P-doped Ge samples with m*. Curves @, b, ¢,
d and e correspond to n = 1.2X10%%, 1.7x10%3, 2.35xX 10?3, 5.6 x10%® and 1.1 x10?* m~3, respectively
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same for all of the samples of P-doped Ge. The electrons with a lower value of m* have
less energy compared to those with a large m*. As a result, phonons carrying the heat
‘energy face a smaller resistance in the presence of the electrons having lower value
of m*. In other words, one can also say that the sample has a lower lattice thermal resistivity
-in the presence of electrons with low m* compared to electrons with a large m*. Thus,
‘one can say that the lattice thermal conductivity of a doped sample should increase with
-an increase in m*, which is shown in Fig. 2. At the same time, from Table I, it can also be

K (Watt/deg/m)

=t

, .8 [
~19)
-E, (107

Fig. 3. The variation of the total lattice thermallu cpnductivify of P-doped Ge samples with Ep

N

seen that m* increases with increasing temperature and the total lattice thermal conductivity
of a doped sample also increases with temperature at low temperatures, hence, K should
also increase with increasing m¥*.

Using Table III, one can conclude that the per cent of Ky decreases with an increase
in m* for each sample.
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3.3. Variation of K with E,

From studies of earlier workers, it is clear that the deformation potential constant E,
differs among samples and this depends mainly on the carrier concentraticn. Frem Fig. 3,
it is clear that X decreases with an increase in the absolute value of Ej, at each temperature
in the range of 1-5 K. The decreasing value of K can be understood with the expression
of the electron—phonon scattering relaxation rate as stated in equation (4). This shows
that the eléctron—phonon scattering relaxation time 7., oc'Ep 2, As a result, K shows
a decrease with an increase of the absolute value of Ep,.

TABLE 1V

Variation of the percentage contribution of Ky due to non-peripheral phonons with the carrier concentration
n and the deformation potential, Fp for P-doped Ge at different temperatures

n(10%%) WEN(T = 1) | %Kn(T = 2) | %RN(T = 3)| %EN(T = B | %Kn(T = 5)| Ep(10-*°])
1.2 ‘ 100 98.72 81.38 45.41 15.0 ~2.40
1.7 | 100 99.24 87.77 56.09 15.76 —35.09
2.35 | 100 99.30 87.86 57.47 16.34 —6.30
5.6 100 99.40 87.89 58.11 16.58 —8.07

11.0 i 100 99.50 88.66 | 59.46 16.82 —8.13

The variation of the % of Ky with Ej, can be studied with the help of Table IV which
shows the increasing value of the % of Ky with increase of the absolute value of Ey, at each
temperature, but the variation is very slow.

3.4. Variation of K with n

The carrier concentration # is one of the most important parameters to estimate the
lattice thermal conductivity of a doped sample. However, the expression for the electron—
—phonon scattering relaxation rate as stated in equation (4) does rot have the term 7
But, the parameters, #*, m*, and Ey, which are responsible for 7', are measured with the
help of the carrier concentration n. Thus, it is interesting to study the variation of K with n.

From Fig. 4, it can be seen that the total lattice thermal conductivity of P-doped Ge
decreases with an increase of the carrier concentration » at each temperature in the range
of 1-5 X. From this figure, it is also clear that for a low value of n, the variation in X is
much faster than same for large n value. The decreasing nature of the lattice thermal
conductivity with » can be understood considering the electron as an extra scatterer of
phonons. Increasing the carrier concentration in a sample number of collisicns increases,
and as a result of this the electron—phonon scattering relaxaticn rate increases which results
in a reduction in the lattice thermal conductivity.

The variation of the % Ky with n can be seen in Table IV which shows that the 9} of
Ky increases with n at each temperature which is similar to the increasing value of the %
of Ky with Ep.
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3.5. Conclusions

To test the reliability of the electron-phonon scattering parameters used in the present
analysis, the total lattice thermal conductivities of two samples of P-doped Ge having
carrier concentrations of 1.2x 1023 and 1.1x 1024 m—3, are also illustrated in Fig. 5.
They are in good agreement with the calculated and experimental values of the lattice
thermal conductivity of these two samples in the entire temperature range of 1-5 K. There-
fore, one can conclude that the values of the electron-phonon scattering parameters used
in the present analysis are correct and give a very good response to the experimental data
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Fig. 5. The lattice thermal conductivity of P-doped Ge samples. Solid and dashed lines correspond to the
sample having # = 1.2x10?® and 1.1x10%*m3, respectively. K(n = 0) represents the lattice thermal
conductivity of the undoped sample. Circles are the experimental points

for lattice thermal conductivity of the samples studied. The lattice thermal conductivity

of the pure sample is also shown in Fig. 5.
Finally, with the help of results stated above one can conclude the following:
1. The total lattice thermal conductivity of P-doped Ge decreases with an increase

in the reduced Fermi energy #* while it also shows an increase with an increase in the
density of states having an effective mass m*.
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2. The total lattice thermal conductivity of P-doped Ge increases with an increase
of the carrier concentration n at each temperature while it decreases with an increase of
the absolute value of the deformation potential constant Ei,.

3. The percentage contribution Ky due to non-peripheral phonons shows an increase
with the carrier concentration # as well as with the absolute value of the deformation
potential constant Ej, at each temperature.

4. The percentage contribution Ky increases with an increase of the reduced Fermi
energy n* while it shows decrease with an increase in the density of states effective mass m*.

The author wishes to express his thanks to Dr. R. A. Al-Rashid, Dr. R. H. Misho
and Dr. G. S. Verma for their interests in this project.
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