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Assignment #5 Solutions:
Independently by 
1) Kevin Lee
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Problem 5.1)

c)

n:number of atoms per unit cell
8: traditional Debye temperature( determined by elastic constants or specific heat)
M: average atomic mass
y: Gruneisen parameter
A:a constant has y — dependence

Assume it’s under room temperature condition T=300K.

e  Forsilicon (Si), n = 2,0, = 395K = 6n~/3,y = 1.06, M = 28.08 amu, s =
2.71A. |
The calculated thermal conductivity for Siis kg = 0.59Wem™ 1K1,

e ForGaAs, n=2,0, = 220K = 6n~/3,y = 0.75,M = 72.32 amu,6 =
2.83A.
The calculated thermal conductivity for GaAs is kgqss = 0.55Wem™ 1K1,

e ForGaN, n=4,8, =390K =6n"3,y =0.7,M = 41.87 amu,§ = 2.25A.
The calculated thermal conductivity for GaN is Koy = 2.01Wem™ 1K1,

e ForAN, n=4,6, = 620K = 6n~13,y = 0.7, M = 20.49 amu,§ = 3.03A.
The calculated thermal conductivity for AIN is x4y = 5.31Wem™ 1K1,

e ForSiC, n= 4,0, = 740K = 6n~*/3,y = 0.75,M = 20.0 amu,§ = 2.18A.
The calculated thermal conductivity for SiC is kge = 5.61Wem™ 1K1,

e  For BN, there is anisotropy in the thermal conductivities.
BN-xy, n = 4,6, = 1442K = 6n~13,y = 0.75,M = 12.4 amu,§ = 2.05A.
The calculated thermal conductivity for BN-xy is Kpy—yy = 24.2Wem™ 1K1,
BN-z, n = 4,0, = 755K = 6n"3,y = 2,M = 12.4 amu,§ = 2.05A.
The calculated thermal conductivity for BN-zis Kgy—, = 0.44Wem 1K1,

e ForDiamond, n = 2,6, = 1450K = 6n~/3,y = 0.75,M = 12.01 amu,§ =
1.78A.
The calculated thermal conductivity for Diamond is Kpiamond =
16.42Wcem™1K1.



Problem 5.1)

d)

Intuitively, when there is an additional scattering process, the overall thermal
conductivity should decrease. It can be explained using the Part b’s expression for

thermal conductivity.

kg kgT , (%07 x*e*
K, = f (— B )3 f dx— 5
2mlvg 7 (x)(e* - 1)
KL (v Tq
And the total relaxation time can be evaluated as following.

1 ,l.i—l

Tq
i

If there is one more scattering term, the total relaxation time will decrease, then

reduces the thermal conductivity.

e  For alloys, we can expect that the relaxation time would be reduced due to the
alloy scattering process.

e  For superlattices, there are several scattering processes in comparison with its
binary constituents. When the superlattice’s thickness is below critical
thickness, the reduction is due to diffuse interface scattering. G. Chen et al used
Boltzmann transport equation to solve the thermal conductivity reduction
behavior in the Si/Ge superlattices. [1] As show in following figure, the cross
plane thermal conductivity is reduced two order compared with bulk part.
When the superlattice’s thickness exceeds the critical thickness, the dislocation

scattering becomes the dominant scattering process.
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e  Forisotopes, there is isotopes scattering in the crystal. As we can see from
Asen-Palmer et al’s article [2], the pure 7°Ge(99.99%) has the highest thermal
conductivity. As the crystal contains more isotopes, the thermal conductivity

starts decreasing due to the isotope scattering process.
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[1] Chen, G. and Neagu, M., “Thermal conductivity and heat transfer in
superlattices”, Applied Physics Letters, 71, 2761-2763 (1997),
DOl:http://dx.doi.org/10.1063/1.120126

[2] M. Asen-Palmer, K. Bartkowski, E. Gmelin, M. Cardona, A. P. Zhernov, A. V.
Inyushkin, A. Taldenkov, V. I. Ozhogin, K. M. Itoh, and E. E. Haller, “Thermal
conductivity of germanium crystals with different isotopic compositions”, Phys. Rev. B
56, 9431
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Problem 5.3)
d)
The contamination oxygen incorporated into the surface will cause additional doping
to GaN. Therefore, it induces band bending at the interface. This band bending then
becomes the barrier for hole transport.
This is the simulation result from 1D Poisson. | assume the interface thickness is 1nm.
The total sheet impurity concentration should be the same, which means

0o = 1.37 X 103¢m™2
Effective donor concentration is
=T
T 1x107cm

We can estimate the barrier height for hole transport using 1D Poisson.

Np = 1.37 X 102°m™3

-— Ec (eV)
—— Ev (eV)
—— Ef (eV)
0 vV
. -1 7
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The barrier height is estimated to be 0.286eV.



Problem 5.4)
a)

From Taso’s Chapter 6, we can write down the free energy per site as following.
kT
f-‘-‘ifi = 46(1~ 6) +—[61n + (1~ 6)In(1 - 6)]

With the above equation, we can draw the plot for two normalized temperatures.
The orange curve represents a low temperature case, and the surface is in phase

separated. The blue curve represents a high temperature, and the surface is in rough

phase.
fiw

— b5
w




We can also plot the phase diagram. The phase diagram represents the minimum
free energy situations. We can just take the first derivative of the above equation to
find the extremum of free energy.

gl )=

00\ w
kT  —4(1-6) + 46
E= —In(1-6) + n6

Phase Diagram
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Problem 5.4)
b)
From Eqg. 6.13 in Taso’s book, we can write down the free energy and entropy

of step.
Ugtep = Estep T 2€xinkD-
S
~=2=2p-In(p-) + (1 - 2p_) In(1 - 2p.)
fqtep = Ustep — T Sstep
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Problem 5.4)

c)

For the first surface roughing or phase separated case, it is very common in
MBE system to use RHEED to observe these phenomenon. By the RHEED
patterns, we can tell whether the growing surface is in layer by layer mode or

island mode. We can change substrate temperature or source beam flux to

drive the sample’s surface states into different regimes in the phase diagram.

(a)

(a) RHEED pattern of smooth GaN surface.

(b) RHEED pattern of rough GaN surface.
If we want to do in-situ measurement on the surface behavior, RHEED
probably is the best choice. For post-characterization, AFM or STM might be
another choice to exactly determine the surface state through scanning

image.
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Figure 6.2: Phase diagram for surface roughening. Top and bottom show the normalized free energy at
kT/w = 2.5 and kT/2 = 1.5, respectively. Middle shows the phase diagram, where below the line the
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Figure 6.6: Normalized enthalpy (top), entropy (middle), and free energy (bottom) as a function of kink
probability, for the case of a perfectly cut step, tang = 0, and kink enthalpy equal to half of the step
enthalpy. Also shown on the right is the free energy minimum as a function of kT/step enthalpy.



