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The right-hand side is symmetric with respect to (jp) <> (km) and (r <> s). The left-hand side is obviously sym-
metric with respect to (jp) <> (km). If it should be symmetric with respect to (r & s),

Dol (km),(rs) ]— (vs,km)d1,— (vl,m8) 8

must be symmetric with respect to (7 <> s). This follows from the rotational invariance conditions on third-order
coupling parameters.

We can solve for dp;, mx,» from (59) by adding the equation obtained by interchanging p with j and subtracting
the equation obtained by interchanging j with . The expressions for &;p km and &jp km,rs obtained thus from the
long-wave method agree with the expressions (26) and (27) from the method of homogeneous deformation.

The theoretical expressions developed in this paper are being applied to analyze the experimental results on the
third-order elastic constants of Ge and Si in terms of the third-order coupling parameters.
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The electronic polar and dipolar thermal conductivity of both #- and p-type Si-Ge alloys with different
carrier concentrations are calculated in the temperature range 300 to 1100°K. With carrier concentration
remaining constant, the nature of the scattering mechanism is determined from the temperature depend-
ence of the conductivity mobility. The scattering parameter being known, the temperature dependences
of the reduced Fermi level and the density-of-states effective mass are determined from thermoelectric
measurements on these samples by Dismukes et al. These temperature variations are taken into account
in the calculation of the contribution of the electron-phonon interaction to the thermal resistance of the
doped Si-Ge alloys. The thermal conductivities due to longitudinal phonons and transverse phonons are
calculated separately, and there is good agreement between the calculated temperature dependences of
the total phonon conductivity and the experimentally obtained values of thermal conductivity minus the
electronic thermal conductivity. The dilatational deformation potential is found to increase with the in-
crease in the carrier concentration and the reduced Fermi potential. The dipolar contribution is found to be
significant only at temperatures above 700°K and for #-type alloys, for which the doping is comparatively
low.

I. INTRODUCTION interaction on lattice thermal conductivity has been

. . shown by Steigmeier and Abeles? to be substantial in
ECENTLY, it has been observed that doping of : 1 . a4 .
Si-Ge alloys! reduces the lattice thermal conduc- doped Si-Ge alloys. This contribution is estimated by

.. . . . . assuming the additivity of reciprocal relaxation times
tivity. This has been interp reted_ in terms .Of scattering g6 14 different scattering mechanisms of phonons, such
of phonons by free charge carriers. At high tempera- ?

- R as phonon-phonon scattering (umklapp and normal),
tures polar and dipolar contributions to thermal J€  scattering of phonons by defects, and phonon-electron
sistance due to electrons and holes also become im-

. .5 - scattering. The effective relaxation time thus obtained
portant. The lattice thermal conductivity at such high £ v & : ol

. . . is used to determine the phonon conductivity in the
temperatures 1s .usu.ally obtained by subtracting the g0, 1 of Callaway.® The expression for the phonon-
electronic contribution from the experimentally ob-

.. . electron relaxation time for the electrons in the para-
serveq total thermal conductivity. In hlghly dOPed bolic band involves the knowledge of the reduced
mat‘epals phonor_ls are a.lso §cattered by ionized im- g .. potential, the density-of-states effective mass,
purities, but this contribution towards thermal re-
sistance is negligible. The influence of phonon-electron
—_— 2 E. F. Steigmeier and B. Abeles, Phys. Rev. 136, A1149 (1964).

17]. P. Dismukes, L. Ekstrom, E. F. Steigmeier, I. Kudman, and 3 J. Callaway, Phys. Rev. 113, 1046 (1959); J. Callaway and
D. S. Beers, J. Appl. Phys. 35, 2899 (1964). H. C. Von Baeyer, zbid. 120, 1149 (1960).
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Fi1G. 1. Thermoelectric power
for different values of the re-
duced Fermi potential for scat-
tering parameter S=—3%, +3,
and 3.

629

and the deformation potential for the electron-phonon
interaction.
In the present paper we have determined the values

of the reduced Fermi potential n*= Ex/ksT for doped
Si-Ge alloys in the temperature range 300-1200°K from
the measured values of thermoelectric power taken from

TasLE I. Temperature dependence of mobility ucoc 72,

Temperature Scattering
Composition Carrier range parameter
Specimen  (at.% of Si) Type concentration x (°K)

68 73.8 n 2.2X1018 0.758 300 to 900 -3
41 66.8 n 2.3X10% 0.730 300 to 1100 -3
163 70.2 n 6.7X10® 0.849 300 to 1200 —3
162 713 n 1.5X10% 0.926 300 to 1000 -1
1834 79.5 n 1.4X10® 0.810 300 to 900 +3
1975 86.8 n 2.7X10® 0.684 300 to 1000 +1
7 72.0 b 3.4X10% 0.675 300 to 1100 +3
42 69.3 ? 8.9X10® 0.687 300 to 1200 +3%
1941 71.7 b 1.8x10® 0.726 300 to 1200 +3%
1970 72.0 P 2.4X10% 0.791 300 to 1200 +%
82 71.0 b 3.5X10® 0.669 300 to 1000 +3
1976 85.3 b 2.1X 102 0.736 300 to 1300 +%
1241 84.6 p 3 X1io» 0.691 300 to 1100 +3
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FiG. 2. Temperature dependence of the
reduced Fermi potential for n-type Si-Ge
alloys.
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the literature. Assuming that the carrier concentration
remains constant with temperature, the values of »*
have been used to determine the temperature depend-
ence of the effective mass. In order to ascertain the
nature of the scattering mechanism the temperature
dependence of the conductivity mobility has been in-
vestigated. Having determined the values of the scat-

I
1000

!
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tering parameter and the reduced Fermi potential, we
then compute the electronic contribution to thermal
resistance in doped Si-Ge alloys at high temperatures.

The phonon conductivity of both #- and p-type
Si-Ge alloys with different carrier concentrations has
been estimated by calculating separately the contribu-
tions of longitudinal phonons and transverse phonons.

TasiE II. Temperature dependence of conductivity mobility u.cc 7.

Temperature Scattering®
Composition Carrier range parameter
Specimen  (at.% of Si) Type concentration x (°K)
1975 86.8 n 2.7X10% 1.78 1000 to 1300 +3
68 73.8 n 2.2X1018 5.04 900 to 1100 3
41 66.8 n 2.3X10% 1.12 1100 to 1200 3
162 71.3 n 1.5X10% 1.1 1000 to 1200 —3%

= It may be noted that for samples 1975 and 162, which represent high levels of doping, the scattering parameter .S is represented better by --% rather
than 3. Sample 1975, which contains a higher content of silicon, gives a better representation with S = +3. In samples which have a lower level of doping.

such as 68 and 41, S =4,



144

This was the approach used by Holland* to explain the
high-temperature thermal-conductivity data in Si and
Ge, which could not be accounted for by Callaway’s
simplified approach. Although Holland’s approach in-
volves a lot of computational labor, it is considered
desirable that such an approach should be followed for
Si-Ge alloys in order to obtain more reliable information
regarding different phonon-scattering processes. In view
of the fact that the electron-phonon interaction is
important in doped Si-Ge alloys, it has been also
incorporated in phonon-conductivity calculations and
information has been obtained regarding the deforma-
tion potential. These calculations take into account the
temperature dependence of the effective mass and the
reduced Fermi level.

II. THEORY
The thermoelectric power Q is given by’
Q kB( 4 Ko ) (1)
e keTKy/

6.5
5.5
4.5
35

Fic. 3. Temperature dependence of *

the reduced Fermi potential for p-type o~ 25

Si-Ge alloys.

1.5

THERMAL RESISTANCE OF Si-Ge ALLOYS

631

where kp/e=86.17 uV/deg and the reduced Fermi level
n*=Ex/ksT. The different integrals K are given by®

4(ksT)” /‘” 9o

14

N (m)r’—dn, (2)

m* Jo an

where 7 is the reduced carrier energy, N(n) is the
density of states, 7 is the electronic relaxation time for
the scattering due to phonons or ionized impurities or
both, and fj is the Fermi-Dirac distribution function.
The relaxation time due to scattering of electrons by
longitudinal acoustical phonons is given by?

Tao= A7, ©)

where 4 is the adjustable energy parameter and is
given by
h“Cll
4= 4)

83 (ke T)¥22% 2 o e

Here Cy is the longitudinal elastic constant, m; and

b I §
o 42
V1941
o 1970
e 82

p-type

1 I 1 T\l

4 M. G. Holland, Phys. Rev. 132, 2461 (1963).

!
200 400

! !
600 800 1000 1200

T(°K)

5 F. J. Blatt, in Solid State Physics, edited by F. Seitz and D. Turnbull (Academic Press Inc., New York, 1957), Vol. 4.
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F1G. 4. Temperature dependence of
the reduced Fermi potential for Si-Ge
alloys.
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my, are the longitudinal and transverse effective masses,
and &.i is the deformation potential.

The relaxation time due to scattering of electrons by
longitudinal optical phonons for 7> @), where O is
the Debye temperature for longitudinal phonons, is
given by®

rey=BrSD, )
where S varies from 0 at =0, to 0.5 at 7>>>0, and B
is given by

T 8 vaM(ZrkB®1)5/2 T
e (R
01/ Ldr(2m*)2e2c*2ksT 0,

where v, is the volume of unit cell, M is the reduced
atomic mass and ¢* is the effective ionic charge.

The relaxation time due to scattering of electrons by
ionized impurities is given by®

Tin™ C"]sl2 ) (7)

6 H. Ehrenreich, J. Appl. Phys. Suppl. 32, 2155 (1961).

1
1000

1200 130¢

where

Zm* 1/262(k T)3I2
o et ®
wNrete

Here e1is the dielectric constant, V; is the concentration
of the ionized impurities and « is given by’

3ekpT\?
C!=1n|:1+(82N11/3> :l . (9)

If screening?® is also taken into account, then
a=In(1+5)—0/(1+0),
; 24mem* (ksT)?

ne*h?

(10)
where

The thermoelectric power (, when expressed in
7E. M. Conwell and V. F. Weisskopf, Phys. Rev. 77, 388

(1950).
8H. Brooks, Phys. Rev. 83, 879 (1951);

C. Herring
(unpublished).
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F16. 5. Temperature dependence of the
density-of-states effective mass for dif-
ferent samples of Si-Ge alloys (n-type).
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terms of Fermi integrals, is given by
5 *
0= :f:élil:—n*+ (S+3)F s432(n ):|
e (S+3)F s41/2(n*)

where S=—3% for the scattering of electrons due to
longitudinal acoustic phonons, S=-+% for scattering of
electrons due to optical phonons for 7>@;, and S=3$
for scattering of electrons due to ionized impurities. If
the strength of the carriers remains constant, the nature
of the scattering mechanism may be known from the
temperature dependence of the conductivity mobility,
which is proportional to (7).
The Fermi integrals F are given by

Fulo¥)= /

Values of F; and F. for different values of #* have
been tabulated by Wright.?

(11)

(12)

e _|..1

¢ R. W. Wright, Proc. Phys. Soc. (London) A64, 350 (1951).

T (°K)

F3 and F, are tabulated in the Appendix for values
of 7* from 0 to —4. Their values for positive »* are
computed as follows™:

Fy(+|7*])=Ss(+|n*|)—Fs(— [n*]), (13)
where

Sa(+ %) =In*44-572*+ (7/60)x4,,

Fa(=l1)=31 £(- 1>r+le—m (14)
Similarly

Fa(+ [n*)=Sa(+ [n*)+Fa(—[n*]),  (15)
where

Sa(+[7*]) = 37543034 (7/15)r'y*
and

Pl =41 Sy (16)

Values of Fo(7*) can be computed from Fo=In(1+¢7),

1°P. Rhodes, Proc. Roy. Soc. (London) 204, 396 (1951).
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while values of Fy(y*) for different #* have been
tabulated by McDougall and Stoner.t

Thus for samples where one of the scattering mecha-
nisms discussed above is the dominant one, the values
of the reduced Fermi potential at different temperatures
can be obtained from the experimentally measured
values of thermoelectric power at different temperatures.

The density-of-states effective mass is given by

e =’—”i’=(g)m(i;;)[mﬂ@*n—m, an

Mo

where NV is the concentration of free carriers, which is
known from Hall-coefficient measurements. If N re-
mains constant with variations in temperature, this
relation can be used to study the temperature de-
pendence of the effective mass.

The electronic contribution to thermal conductivity,

1 7, McDougall and E. C. Stoner, Phil. Trans. Roy. Soc. London
A237, 67 (1938).

K., is given by

ke\2 ApontAq0
Kel=(2).,r{__"f

e g

’ﬂpb I-EGT

+ FB.+B, | L, (18
T PR ":H 1)

where o is the electrical conductivity, #» and p are the
electron and hole concentrations, E¢? is the energy gap
at temperature 7', and b is the mobility ratio. The co-
efficients 4,,, and B,,, are given by

An,p= (ksT)’[(Ks/K1)— (K2/K1)*],

Ba,o= (1/ksT)(K3/Ks). 19

These coefficients can be expressed in terms of Fermi

2 See, e.g., J. R. Drabble and H. J. Goldsmid, Tkermal Conduc-
tion z7n Semiconductors (Pergamon Press, Inc., New York, 1961),
p. 117.
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integrals as follows:

. I:S-I-% Fsis2(n) [S-I-% Fs+a/2(’7*)}2:| 20)
P LS+ Fop®) 1S+ Fap@®) 1

S5 Fsrap(n®)

S+ Fspp(r)

III. DENSITY-OF-STATES EFFECTIVE MASS

(1)

n,p

Dismukes et al! have measured the thermoelectric
power Q, the electrical resistivity, the Hall coefficient,
and the thermal resistivity of doped Si-Ge alloys in
the temperature range 300 to 1300°K. If the impurities
are fully ionized and the intrinsic carrier concentration
remains negligible up to the highest temperatures at
which the measurements have been made, the tempera-
ture dependence of the mobilities is the inverse of that
of the measured electrical resistivities. Tables I and II
give the temperature dependence of the conductivity
mobility for the samples mentioned there, and the value
of the scattering parameter S.

1 1 1 1 .
600 800 1000 1200 iE

T (K)

In Fig. 1 are plotted the values of the thermoelectric
power Q for different values of #* with S=—%, +1,
and §. This graph is used to find the temperature de-
pendence of 7* from the experimentally measured
values of Q; the results of calculation for different
samples are shown in Figs. 2 to 4. It may be seen from
these figures that in both #- and p-type samples 5*
increases with the increase in the carrier concentrations
and that »* decreases rapidly with increase in tempera-
ture. In Figs. 5 to 7 is shown the temperature depend-
ence of density-of-states effective mass. For samples 68
and 41, for which arsenic is the doping material and the
concentration of carriers is low compared with other
n-type samples, the effective mass decreases with tem-
perature. For samples 163 and 162, phosphorus is the
doping material and the carrier concentration is high;
the effective mass increases with temperature. For
samples 1834 and 1975, the effective mass first increases
with temperature and then decreases with further in-
crease in temperature.

For p-type samples 7, 42, 1941, 1970, and 82, the
density-of-states effective mass first decreases very
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F16. 8. Variation of the elec-
tronic thermal conductivity pa-
rameter Ay, , with the reduced
Fermi potential »* for scatter-
ings parameter S=—1%, 4%, and

2.

rapidly with increasing temperature, reaches a mini-
mum in the temperature range 400-600°K, and then
increases with temperature. A comparison of samples 7,
42, 1941, and 82, which are p type and are listed in
increasing order of atomic percentage of silicon as well
as carrier concentration, reveals that density-of-states
effective mass is decreased with the increase of the con-
tent of silicon and strength of carriers. For samples 7
and 1970, which have the same atomic percentage of
silicon, the effective mass is lower for the latter sample,
which has greater carrier concentration.

IV. ELECTRONIC THERMAL CONDUCTIVITY

The electronic contribution to thermal conductivity
is calculated with the help of Eqs. (18) and (19). The
parameters A,,, and By, are known from Egs. (20)
and (21). These parameters are shown as functions of
7* in Figs. 8 and 9. Thus one can find the values of the
parameters A, and By, p at a given temperature corre-

12

sponding to the reduced Fermi potential at that
temperature. Using these values of A, , and B,,, and
the experimentally determined values of the electrical
conductivity of these doped Si-Ge alloys by Dismukes
et al., one can determine the electronic polar and dipolar
contributions to the thermal conductivity.

The present calculations reveal that electronic dipolar
contributions also become important in  the doped
alloys at high temperatures. However, such a calcula-
tion requires the knowledge of both electron and hole
concentrations and the energy gap at different tempera-
tures. The energy gap at different temperatures can be
calculated with the help of the following relation given

by Morin and Maita's:
Eq(T)=1.07—4.3X10—T, (22)

where Eq is given in eV. The values of the carrier con-

B F, J. Morin and J. P. Maita, Phys. Rev. 96, 28 (1954).
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centration for n-type (electrons) and p-type (holes)
Si-Ge alloys are given by Dismukes ef al. and are taken
to be independent of temperature.? Using mem,=4.5
for n-type alloys and m.m;=1.56 for p-type alloys,
which is consistent with the effective-mass determina-
tions of the majority-carrier concentrations in #- and
p-type alloys, one can determine the concentration of
the minority carrier for the calculations of dipolar
thermal conductivity with the help of the well-known
expression for the product #p:

np=42nksT/h*)}(mmy)*? exp(—Eg/ksT). (23)

It may be seen from Eq. (18) that the dipolar con-
tribution to thermal conductivity is proportional to
npb/ (nb+p)*. At comparatively low temperatures (be-
low 800°K) the concentrations # and p differ signifi-
cantly and the term npb/(nb4-p)? is small, resulting in
a low contribution to the dipolar thermal conductivity.
With increase in temperature # and p tend to become
equal, thus increasing the term npb/(nb+p)?, which
acquires a maximum value b/(145)? for n=p. The
mobility ratio 4 is taken to be 1.5, as used by Steigmeier
and Abeles.? The results of these calculations are shown

in Figs. 10 and 11. It may be noticed that dipolar
contribution to thermal conductivity is significant only
for n-type alloys at temperatures above 700°K, and is
insignificant for p-type alloys. This is due to com-
paratively low doping in #-type samples.

V. PHONON THERMAL CONDUCTIVITY

It has been shown by Holland, who studied the
thermal conductivity of Si from 1.7 to 1300°K and Ge
from 1.7 to 1000°K, that it was not possible to explain
the entire temperature dependence of thermal con-
ductivity on the basis of Callaway’s formulation. In
order to explain the high-temperature data it became
necessary to divide the heat flow into that carried by
transverse phonons and by longitudinal phonons. This
approach, which requires the knowledge of the phonon
vibration spectra, could explain the high-temperature
as well as the low-temperature data simultaneously. In
our present analysis of Si-Ge alloys we have followed
this approach, which holds very well for Si or Ge. This
approach was also followed for undoped Si-Ge alloys.*

4 C. M. Bhandari and G. S. Verma, Phys. Rev, 138, A288
(1965).



638 GAUR, BHANDARI,
1.0
x 68
A 41
1007 o 63
o 162
9.0~

g)
o
T

~
)
T

6.0

4.0

Electronis Thermal Conductivity (mw/cm deg)

AND VERMA 144

Fic. 10. Electronic thermal conduc-
tivity of n-type Geo.sSio.7 alloys plotted
against temperature. The electronic con-
ductivity includes both polar and dipolar
contributions.
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The present analysis covers Geg.3Sio.7 alloys, both #- and
p-type, containing different amounts of carrier con-
centration. The thermal conductivity of the samples
under investigation has been studied by Dismukes et al.
The present analysis incorporates the influence of the
phonon-electron interaction on the phonon thermal
conductivity. The phonon-electron scattering relaxa-
tion time is given by

1+expln*—N/T—PTx*+x/2]

Tep ' =DT In , (24)
1+exp[n*—N/T—PTx?—x/2]
where
D E*m*2kpd? m¥y? ks
 2lMuw 2ks Sm¥oe
|2 T

22 (e*—1)%dx

Here & is the electron-phonon interaction constant, m*
is the density-of-states effective mass, kg is Boltzmann’s
constant, & is the atomic volume, M is the mean atomic
weight, » is the longitudinal phonon velocity, »*
= Ey/ksT where Er is the Fermi energy, and

fw

r=—

kel

Assuming the additivity of reciprocal relaxation
times and following Holland’s approach of considering
the separate contributions of longitudinal phonons and
transverse phonons, one can express the phonon con-
ductivity as

xter(er—1)2dx

Kon=Kpp1+Kpp1,=3T°Cs /

oyr ax*T24-b'%2T?/sinhx

Q3T
e |
T AT b TS 4-DT X (7*,N,P,T; )
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F1c. 11. Electronic thermal conduc-
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tivity of p-type Geo.sSio.z alloys versus 101
temperature.

s

6 -

2 —

!
300
where
X("/*;N)P’T; x)=

Ci=

and the other symbols have been explained in Ref. 14.

For calculating the integrals corresponding to the
contribution due to longitudinal phonons, the tem-
perature dependence of #* and 5* is taken into account.
By plotting 7,42 versus x (see Fig. 12) it can be shown
that phonon-electron scattering is strongly dependent
upon frequency, and that the low-frequency phonons
are scattered most effectively. As the contribution of
transverse phonons involves phonons of frequencies
which are close to zone-boundary frequencies for the
transverse-phonon branch, the influence of electron-
phonon scattering on conductivity due to transverse
phonons is negligible. At high temperatures the lower

>
1+en*——N/T—-PT12—-z/2

B 4 kB 2
i venls).
/

ks [kp\3
(_), i=1, t; a=A(
2%\ h

400 500 600 700 800 900 1000
TEMPERATUWRE (°K)
e"*—N|T—PTz a2
(25)

kp\?
o2
h

limit of the integral for the transverse phonons is
lowered, but at such temperatures the dominant
scattering processes are phonon-phonon scattering and
the scattering of phonons by impurities.

Values of the parameters needed in the analysis of
the phonon conductivity, which is obtained by sub-
tracting the electronic thermal conductivity from the
experimentally measured thermal conductivity, are
given in Table III. The procedure for calculating the
phonon conductivity is outlined in Ref. 14. The results
of calculations are shown in Figs. 13 and 14, where
good agreement between theory and experiment is
found. However, there is a slight systematic deviation
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TaBLE III. Parameters used in the analysis of thermal-
conductivity data of doped Si-Ge alloys.

a=250 sec™! deg™

2.0 b'=0.1X108 sec™? deg™
b5=0.04 sec! deg™®

V1="7.017X10% cm/sec

1.6 |- V=4.841X10° cm/sec

Vi =1.652X105 cm/sec

B M=41.44

a=>5.488X1078 cm

p=3.24 gm cm™3

o 01=124°K

Q:=145°K

0.8 . Q3=3508°K

Tep X *(x10" sec)

at high temperatures, and it may be due to the approxi-
~ mate estimate of electronic thermal conductivity. The
, | i | | variation in the thermal conductivity of Si-Ge alloys

0 -1 2 -3 -4 -5 with doping is explained by the variation in the de-
x formation potential, whose measure is the parameter D,

FIG. 12. 7,5 versus «, where 7,p is the electron-phonon relaxa- ~ which is proportional to the square of the deformation
tion time and x=#/kpT. The curve refers to T=500°K, D=132  potential. The information regarding the deformation
X10° sec™t deg™, P=0.03926 deg™, N=1.592 degand n*=+24. 1 tontial, which has been obtained in the present,

10 |
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85T 163
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1

F16. 13. The phonon thermal conduc-
tivity of n-type Geo 3Sio.; alloys versus
temperature. Solid lines represent theo-
retical curves. Points represent the experi-
mental thermal conductivity minus the
electronic contribution to the thermal
conductivity.
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F16. 14. Phonon thermal conductivity
of p-type Geo.sSio.7 alloys versus tem-
perature.

Phonon  Conductivity (mW/cm. deg)
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42
1941
1970

o o

1 ! 1 1 | |

300

analysis of thermal-conductivity data, refers to the
dilatation deformation potential corresponding to longi-
tudinal-mode scattering. Values of the deformation
potential for #- and p-type Si-Ge alloys with different
amounts of doping are given in Table IV. It may be

TaBLE IV. Deformation potential as obtained from the analysis of
the thermal conductivity of different samples of Si-Ge alloys.

Sample
42 1941 1970 688 163 162
DX1078 5.0 132 24.0 12.6 83.0
& (eV) 6.4 9.3 12.98 2.34 6.17

s The electron-phonon interaction term is negligible compared with other
scattering terms.

noted from this table that the deformation potential in-
creases with the increase in carrier concentration.
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APPENDIX

TaBrE V. Fermi integrals F3 and Fy.

n* Fy(¥) Fy(n*)
1 14.3894 60.9684
2 34.2984 153.1895
3 74.8299 363.7653
4 154.2115 808.1692
5 290.9440 1674.8492
6 512.9455 3249.0045
7 853.3046 5936.6241
8 1351.1581 10286.2679
9 2051.2093 17014.9203
10 3004.7597 27034.5759
11 4268.61 41468.2325
12 5905.96 61681.8900
13 7985.51 89299.5475
14 10582.56 126251.2050
15 13777.61 174756.8625
16 17658.36 237392.5200




