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Partially coherent phonon heat conduction in superlattices
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In this paper, the phonon thermal conductivity of semiconductor superlattices is calculated with the use of a
modified lattice dynamics model, in which an imaginary wave vector is added. The mean free path caused by
diffuse interface scattering is included in the imaginary wave vector. This model combines the effects of
phonon confinement and diffuse interface scattering on the thermal conductivity in superlattices, and is appli-
cable to phonon transport in the partially coherent regime, where bulk and superlattice phonon modes mix up.
The theoretical results for the GaAs/AlAs superlattices are compared with the experimental data. The period
thickness dependence and temperature dependence of the thermal conductivity in the GaAs/AlAs superlattices
can be well explained by this model.
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Phonon thermal conductivity in semiconductor superlatthe thick period behavior is contrary to the experimental re-
tices (SL's) has attracted considerable attention due to thesults observed in many SL groups, such as GaAs/AlAs and
applications in thermoelectric devices and optoelectronic  Bi,Te;/Sh,Te;, which show an increase in thermal conduc-
devices such as quantum well lasers and deteftofhe tivity with increasing period thicknedst:222
thermal conductivities both parall€in-plane and perpen- Apparently, neither coherent wave models nor incoherent
dicular (cross-plangto the interfaces are found to be signifi- particle models alone can explain the period thickness de-
cantly reduced in comparison to their corresponding bulkpendence of thermal conductivity in SL's because each of
values in various SL groupsl* Some experimental data them deals with the extreme case. In reality, phonon trans-
show that the cross-plane thermal conductivity recovers ipport in SL's can fall into either coherent regime or incoherent
the short period limit, hence a minimum thermal conductiv-regime or in between, depending on phonon MFP and period
ity occurst'?Many theoretical models for phonon transport thickness. General approaches applicable to phonon transport
in SL's have been developed, but the mechanisms of th# the partially coherent regime in SL's are needed.
thermal conductivity reduction are still under debate. Simkin and Mahan employed a simple-cubic lattice dy-

Current models on phonon transport in SL's generally fallnamics model with a complex wave vector involving MFP,
into two groups. One group assumes that the phonon medn calculate the SL thermal conductivy.This idea was
free path(MFP) is shorter than the period thickness so thatoriginally proposed by Pendry for the electron energy b&nd.
phonons in different layers of a SL are not coherently corre-The addition of an imaginary part to the wave vector is a
lated and each layer is subject to its bulk dispersiorphenomenological way to include the effects of the finite
relations>'®~1’In this case, phonons are in the totally inco- MFP on phonon modes in SLs. In Ref. 23, they calculated
herent regime, and can be treated as particles. The thermthle period thickness dependence of thermal conductivity in
conductivity is usually calculated using the Boltzmann transthe cross-plane direction of SL's, and predicted a minimum
port equation with boundary conditions involving diffuse in- in the cross-plane thermal conductivity. However, their
terface scattering. These particle models can fit experimentahodel did not consider the diffuse interface scattering. As a
data of several SL systems in the thick period range. Becausmnsequence, the model cannot explain the in-plane thermal
the wave features of phonons in SL's are not considered, thegonductivity reduction in SL's. Even in the cross-plane direc-
fail to explain the thermal conductivity recovery in the shorttion, the calculated maximum thermal conductivity reduction
period limit. is similar to that predicted by the coherent lattice dynamics

The other group assumes that the phonon MFP is muchodels and is still many times smaller than the experimental
larger than the SL period thicknes¥-2'So phonons in dif- data.
ferent layers of a SL are coherently correlated and SL pho- In this paper, a treatment combining Simkin and Mahan’s
non bands can be formed due to the coherent interference afodef® and diffuse interface scatteritf'1”?>2?6is devel-
the phonon waves transporting towards and away from theped to investigate the thermal conductivity in SL's. With
interfaces. Phonon transport in such wave models is in th#his treatment, the experimentally observed thermal conduc-
totally coherent regime. The thermal conductivity in SL'’s is tivity reduction along both in-plane and cross-plane direc-
usually calculated through the phonon dispersion relation iions of SL's can be explained over all the period thickness
Sl’s, obtained using lattice dynamics or other methods, andange. The temperature dependence of thermal conductivity
the relaxation time in the corresponding bulk materials. Theén SL's can also be explained.
thermal conductivity of SL's calculated from these models The thermal conductivity in the GaAs/AlAs SL's is calcu-
typically first decreases with increasing period thickness antated with the use of a modified face-centered-cubic lattice
then approaches a constant with the period thickness beyorynamics modet®?*More accurate lattice dynamics models,
about 10 monoatomic layerfdL’s). The very thin period considering long-range force and optical phonons, show
behavior is similar to some experimental observations, busimilar results:®>?° The traditional lattice dynamics models
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are applicable only when the MFP is much larger the period 10* . . ‘ K

thickness of SL's. To study partially coherent phonons in @ —Total |f=w/4 (@) .,"

SL's, an imaginary pari/MFPg_, is added to the wave vec- < —_-_—gﬁﬁ:face i

tor in the lattice dynamics model. The MFP caused by dif- n“_, 10° g

fuse interface scattering is derived and incorporated into the o [Tt o s

total phonon MFP, MFE . Here it is assumed that scattering o

processes destroy the phonon phase and thus the phonon ”‘_:_ 102 L ]

MFP is identical to phonon coherent length. Compared to the S (100AX100A) e AXIOA)

lattice dynamics models in Refs. 18 and 21, a modification is b=

that not only the mass difference but also the force constant 10’ S ) .

difference between GaAs and AlAs are considered. The pa- 05 06 07 08 09 1

rameters are taken from Refs. 18 and 21 except that the force Interface Specularity Parameter P

constants in GaAs layers and AlAs layers are chosen as 33.5 A10‘ : .

K g/s® and 33.3 K g/4 respectively. < —Total  |P=0.83 (b) ./
In SLs, phonon scattering may happen at interfaces due to £ T terface <

diffuse interface scattering, and within the layers due to in- 5_“ 10° L ————

ternal volumetric scatterings such as Umklapp scattering. o T

According to Mathiessen’s rule, the total MFP in SL's is E

MFPg, = 1/(1/MFR+ 1/MFP,), where MFP and MFR, are < 107 | (100AX1004) _

the MFP’s of internal volumetric scattering and diffuse inter- 3 (10AX10A)

face scattering, respectiveél{.Interface roughness is gener- =

ally considered as the source of diffuse interface scattering. It 10° 0 Pz} pr

is known that even the best-grown semiconductor SL’s, such Incident Angle

as GaAs/AlAs, have large flat terraces with edge of 1-2

ML's at interfaces’® We employ a simple description to the  FIG. 1. Phonon MFP in GaAs/AlAs SL’s as a function @

interface scattering, according to which a fractirof the  interface specularity parameterand(b) incident angled. The total

incident phonons are specularly scattered while the remairMFP includes two parts: MFP same as the corresponding bulk value

der (1-P) are diffusely scattered in all directions (labeled “bulk”) and MFP caused by diffuse interface scattering

isotropically?® Although many studies have been conducted(abeled “interface’).

in literature on thermal boundary resistance, there is no

simple way to calculate the specularity paramééf In this  pylk GaAs and AlAs, and has the value of 716 A at room

work, P is treated as a fitting parameter. We consider thgemperature, obtained by fitting the experimental data with

situation that a phonon passes through the interfaces of a She use of the phonon properties calculated from the lattice

at an incident angle of to the normal. The spacing of inter- gynamics model. As seen in these figures, M aniso-

faces isd and the specularity parameter of each interface igropic and drops with the decreasing incident angle or the

P. The possibility that the phonon will not be diffusely scat- gecreasing interface specularity paraméefhe total pho-

tered after traveling a distanoeis P*“*5?. Thus, the MFP  non MFP is significantly suppressed due to the diffuse inter-

caused by the interface diffuse scattering takes the¥orm face scattering. However, this suppression of MFP becomes
weaker in the (100 A 100 A) GaAs/AlAs SL than that in

MFPy=—d/cod 8)In(P), (D the (10 Ax10 A) GaAs/AlAs SL.

whereP> 1/e because the MFPcannot be smaller than the ~ Figure 2 shows the dispersion curves for phonons propa-
layer thicknessl. gating in the cross-plane direction in the 2 M2 ML GaAs/

It has been reported that the change in Umklapp scatterin§!AS SL, calculated from lattice dynamics mode& with-
rate in SL’s is modestat most 25%3 So if the change in out and(b) with the addition of the imaginary wave vector.
the internal scattering rate in the SLUs is ignored, the totaln Poth cases, the frequency gaps occur at the center and

MEP in SLs takes the value boundary of the folded Brillouin zone and the dispersion
curves are flattened, especially at high frequencies. The pho-
MFPg = 1/(1/MFP, g+ 1/IMFPy), (2)  non group velocity in SL's is reduced, but the magnitude of

the reduction depends on the band gap width. Comparing

where MFR g is the phonon MFP of the corresponding bulk Figs. 2a) and 2b), it is seen that the introduction of the
materials. Another assumption made in the calculation is thaimaginary wave vector results in the diminishing band gaps.
MFP, for the 1 MLX1 ML and 2 MLX2 ML SL's approxi-  This is consistent with the result of Simkin and Mahan based
mates to the value for the 3 M3 ML SL. This is because on a simple-cubic lattice dynamics mod&When the imagi-
the interfaces tend to be indistinct in the 1 ML ML and  nary wave vector is large, phonon waves are highly damped
2 MLX2 ML GaAs/AlAs SL's due to the 1-2 ML’s transi- and sample only a limited number of unit cells, and thus tend
tion region at interfaces. to be subject to the bulk dispersion as the band gaps diminish

The comparison between the MFP’s caused by diffuséo zero. When the imaginary wave vector is zero, the lattice
interface scattering and by bulk internal scattering is shownwaves extend over the whole SL and the new SL bands will
in Figs. 1@ and 1b). The MFR g is the average MFP for form. In the in-plane direction of SLs, the change in the
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FIG. 2. Dispersion relations of phonons in the cross-plane direc- :

tion of the 2 MLX 2 ML GaAs/AlAs SL, calculated from the lattice
dynamics modef{a) without diffuse interface scatteringerfect in-
ter]taces,Eié)gand(b) with diffuse interface scatteringough in- FIG. 4. Calculated thermal conductivity i@) the cross-plane
terfaces P=0.9). and (b) in-plane directions of the GaAs/AlAs SL's as a function of

. . the period thickness at room temperature. The thermal conductivity
band gaps is much smaller due to the much larger 'n'planﬁnisotropy Kin-plane/ Korosspland T the GaAs/AIAs SL with P

5 10 15
Period (monolayer)

MFP, which is not plotted here. ~ =0.83is also plotted ifib). The triangles and the squares represent
~ Based ngtlhe dispersion relation, the thermal conductivitamples grown at different institutions. All of them were measured
is given by® by Capinskiet al. (Ref. 12.

Jw dominating phonon-phonon scatteritig’? The cross-plane
Ki:; Cph(“’k)'&ki’ “MFPs,(6,T), 3 thermal conductivities of the 2 Mk2 ML GaAs/AlAs SL,
however, shows much weaker temperature dependence,
where\ denotes the SL modek,is a wave vectorC (o)) which is proportional taT ~ %55 according to the experimen-
represents the mode specific heatientifies the direction of tal data by Capinskét all? This implies that the effect of the
thermal conduction, and is temperature. temperature-dependent phonon-phonon scattering is much
Figure 3 shows the calculated temperature dependence wfeaker in the SL relative to that in the corresponding bulk,
the thermal conductivity in both in-plane and cross-planeand the interface scattering that is insensitive to temperature
directions of the 2 MIX2 ML GaAs/AlAs SL’s, along with  plays a dominant role. The slightly steeper slope of the in-
the reported experimental data and the corresponding bulklane thermal conductivity indicates that the effects of the
values. It is known that the bulk GaAs and AlAs thermal diffuse interface scattering on the phonon transport in the
conductivities go a3~ ¢ (wherea is 1.25 for GaAs and 1.37 cross-plane direction is stronger than that in the in-plane
for AlAs) in the moderate temperature range due to the predirection.
Figure 4 shows the calculated thermal conductivity as a

100 o : function of the period thickness at room temperatuiie (
RN =300 K) in both in-plane and cross-plane directions of the
e 80} \‘-L‘_},_ T GaAs/AlAs SL’s, along with the reported experimental data
X sol "~ Bukk, In-plane | for comparison. The results calculated with perfect interfaces
£ \‘:'-?:\X\ (P=1) are the same as those from the traditional lattice
E 40t Bulk Cmss‘_ Ia;; dynamics models, and are not in agreement with the experi-
X SL, In-plane ' P mental datd? However, the experimental data can be well
20 'SL. Cross-pians P=0.83, explained by the introduction of diffuse interface scattering
0 : o] (P=0.83) to lattice dynamics model. These results are con-
100 200 300 400 sistent with the results based on molecular dynamics simula-
Temperature (K) tion, which also shows the rough interfaces significantly de-

(frease the thermal conductivity in SE$The recovery of

both in-plane and cross-plane directions of the 22MML GaAs/ thermal conductivity in the extremely short period is a result
(021,34 ;

AlAs SL, calculated from the modified lattice dynamics model with Of Phonon tunneling:** The anisotropy of the thermal con-

diffuse interface scatteringP=0.83). The dot lines are the effec- ductivity (Kin-piane/ Kcross-plank is found to be around 5, as

tive thermal conductivities based on the Fourier law and the bulkéeen in Fig. &b). There is no experimental report about the
GaAs and bulk AlAs thermal conductivity in literature, i.e., anisotropy of thermal conductivity in GaAs/AlAs SL's, how-

Kpulkin plane= (Kcaast Kaias)/2 and Kpyi cross plan 2Kcans Kans/  €VEr, a few experiments show that the thermal conductivity
(Kgaast Kans). The squareé) are experimental data by Capinski anisotropies in GaAs/GaAlARef. 35 and Si/Ge SL'YRefs.
et al. (Ref. 12. 13 and 36 have similar values. A minimum thermal conduc-

FIG. 3. Temperature dependence of the thermal conductivity i
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tivity occurs in the cross-plane direction for the GaAs/AlAs can be well explained. The calculations suggest that both
SL with a period thickness of around 6 ML's, which is a diffuse interface scattering and the modified phonon disper-
natural result that arises from the combination of lattice dy-sion are the main causes of the decreased thermal conductiv-
namics and diffuse interface scattering. The thermal condudty in the SL’s with small period thickness. When the period
tivity of Bi,Te;/Sh,Te; SLs has also shown this behavior. s large, diffuse interface scattering destroys the phonon co-
In summary, the thermal conductivity of the GaAs/AIAs herence such that phonons do not form SL bands. In this

Sl's has been calculated by a modified lattice dynamicgase, the thermal boundary resistance at individual interfaces
model, in which an imaginary wave vector involving diffuse gominates phonon transport until in the very thick limit,

interface scattering is introduced. This phenomenological apyhere bulk internal scattering turns out to be the dominant
proach can apply to phonon transport in the partially coheractor and thermal conductivity tends to reach the corre-
ent regime, as well as the totally coherent and totally iNCOsponding bulk values.

herent regimes. When the diffuse interface scattering is

added to the lattice dynamics model, the experimental data, The authors acknowledge the support from DOD/MURI
including period thickness dependence and temperature den thermoelectrics(Grant No. N00014-97-1-05}6and
pendence in both in-plane and cross-plane directions of SLDARPA HERETIC subcontract through JPL.
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