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Application of superlattice structures

Operation of devices is greatly affected
by thermal conductivity x

(1) Semiconductor laser

—) large « is preferred

Lifetime is reduced
by the heat produced

(2) Thermoelectric devices

|:> low « materials are preferable

2

: : S -
Figure of merit: Z=— (V=S 4T, S: Seebeck coefficient )
PK

Smaller thermal conductivity produces
larger temperature difference

—)lU;



Phonon dispersion relations in a bulk crystal

Zincblende structure

Dispersion relations @ = o (k, J)
in GaAs (a cubic crystal)
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* Synthetic periodicity and zone-folding

Bulk crystalline solids (1D)
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unit period a (atomic spacing) o (forrégld)
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1D Periodic superlattices (SLs) —
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synthetic periodicity D (=na /
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——> Brillouin-zone folding d . q
0 7/D r/a

2D=nA= n%[ => (= n% (Bragg condition) (Amin = 22)




How to calculate the phonon dispersion relations in SLs

Elasticity theory (valid for sub-THz phonons)

0S;; (r.t) u; : lattice displacement

Sjj . stress tensor

o . density

8U| (l’ t)
Si(r,t)= ZZ o G- elastic stiffnes tensor

o’u(r,t) A% (r, t)

= C; i=12,3) :wave equations
ijkl O 8X| ( ) q

—> p

Plane wave solution

i (kr-ot)

u(r,t)=aee one longitudinal (L)

two transverse (T)
Christoffel equation \

y
(pwzé}m_cijmnkjkn)emzoi (=123 = |o=0(k,))




* Wave fields and transfer matrices for superlattices

Wave fields in A layer — Og<
WnA(Z) A, ['A D, (2) I i@l I .,
N

A
Un (x.t) =Y all eA exp(|k“) Z)e‘(kn"‘n ~ot) ( 3 pairs of counter-
SiH(xt)) = propagating waves )

Definitions of transfer matrices

WnA(Z):FA DpA(2)A, => To=T, ®p(dp)T

::> T ETB TA 6x 6 matrix




Transfer matrix in periodic SLs

Transfer matrix T

W(zp,)=T W(z,)

(1) Propagation normal to the layer
Interfaces (z direction) k, =0

(2) Single mode, e.g.,
u=(0,0,U(z,t)) for L mode

Matrix elements of T -

2x 2 matrix .
T, =sin(k, d,) cos (kg dB)+ﬂ cos(k,d,) sin(kg dg)
acoustic impedance i Zg _
T,y =-sin(kyd,) cos(kgdg)——==cos(k,d,) sin(kgdg)

Ty, =Ty (A <> B) D =da+dg : unit period




* Perfect periodicity and phonon dispersion relation k; =0

Bloch theorem

W, =exp(igD)W,_1 | =T W, _1 J: Bloch wave number

Dispersion relation in periodic SLs

cos(qD)="Tr (T)/2
= COS @ COS odg |_1 Ly B | @y sin wdg

S. M. Rytov, Sov. Phys. Acoust. 2, 68 (1956)

| Tr (T)/2|<1 :frequency band | —Z<gq<= : mini-zone
— D D
| Tr(T)/2]>1 :frequency gap q=0, i% : zone center and boundaries
|Tr (T)/2|=1 = ow=0,=mxzx ;/—AJr\d/—B] : mh order Bragg freq.
A Ug



Perferct periodic SLs (normal propagation) k=0

(001) (GaAs),(AlAs),.SL  Dispersion relations ~ Transmission rates
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Frequency (THz)

Perferct periodic SLs (oblique propagation) k=0

(001) (GaAs),,(AlAs),, SL

L phonon incidence

from a GaAs substrate
QL = 450
dg Intermode
Bragg reflection
n=19 :
opening of frequency gaps
000 0204 06 08 10 00 02 04 06 08 1.0 i

qD/ 1 Transmission Rate reduction of group velocity




Thermal conductivity (K) in semiconductor SL

Measurements of thermal conductivity (k) in semiconductor SL

1. T. Yao, Appl. Phys. Lett. 51,1798 (1987)

e hukGaas

In plane k in GaAs/AlAs SLs V¥ T o ';
o6 | ® ' 3

_ _ F o4l o i
Reduction of 20-70 % depending N o -
on bi-layer thickness 2T ;
0 20 | 40 l 6080]60 | 3[I)0 | SKI)D

Laycr thickness (A)

2. S. Lee, D. Cahill, and R. Venkatasubramanian, Appl. Phys. Lett. 51,1798 (1987)

K In Si/Ge SLs

3. W. S. Capinski, H. J. Maris et al., Phys. Rev. B59,

Out of plane ¥ in GaAs/AlAs SLs

8105 (1999)



Out of plane thermal conductivity (k) in semiconductor SL

W. S. Capinski, H. J. Maris et al., Phys. Rev. B59, 8105 (1999)

(GaAs) ~(AlAs)_SL

probe
pump
At = 0.25 ps GaAs
substrate
R 01pum (05~1)pm
200-800 periods
(A) T=100-375 K
;g i oc AT, (1)
e
= T=300K
g | | 4
A
3 T=100K
EI) 2 ;1 6 8

TIME ( ns )

Picosecond Ultrasonics
a pump-probe optical technique

= measure the change in optical
reflectivity AR due to phonons

(B) n:# of monolayers
(repeat distance of SL)

AR (arb. units)

v
AR (arb. units)




Thermalization time and increase Iin film temperature

The time for T to become uniform inside the Al film echoes
/[ _/
film thickness ~0.1 xm N /
L _ S Jp
d.>2 5 -
r=—2—=23ps 3 =
7°D a | 0 50 100
*A| (300 K) gl TIME ( ps )
! L g0 6
thermal diffusivity _ \ 25 x 25
~0.45cm?/s - u | | IGa*_rAs I‘o‘x a
. . . 0 2 4 6 8
The increase in the Al-film temperature Time (ns )
optical reflectivity energy of pump
~0.9 \ pulse 1.3 nJ
1-R
AT :( )Q~2K at 300 K
A Cudy A —
Al YAl
7

specific heat

per volume area of the spot



1_:| Determination of the thermal conductivity (K)

The rate of heat flow across Al-SL interface
Q :/GK AT, (1) -Tg (z=0,1)]

Kapitza conductance

The rate of temperature change in the Al film

0.1 mm

OTu(t) _

CAI dAI 61:

“K A [TAI (t)-Ts (2= O’t)] (A)

= —0

Heat flow within the SL (~1D)

heat capacity in the SL
(average of GaAs and AlAs)

\
C., aTSL(z,t)
ot

azTSL(z t)

— 0z°

(B)

4

(1) Assume o, and x
(adjustable parameters)

T 1

(2) With (A) and (B),
determine AT, (t)

AT = AR
a (1) ,3\ (t)

thermoreflectance




Experimental out-of-plane thermal conductivity (k) in SLs

020 _I T | TTTTTTTTT T TTTTTTTT TTTTTTTT I_ 1 = | | | | _
i i - bulk GaAs (300K) .
015 - - : 100K :
~ [ A 17x17 40x 40 L l 200K :
9 i v
o - o \ = T 11/10
5 010 (v A Eo_lrh\./‘\t\!?;
= - . = $\'/'T/./ -
g . — 1_v
@ _ - - L -
0.05 |- 1010y _‘_‘________999'5 ______________________ |
L —6x 6
0.00_|||||||||||||||||||||||||||||||| 001 | | | | | | |
100 200 300 400 0 5 10 15 20 25 30 35 40
TEMPERATURE (K) # of monolayers n

(1) « decreases as T increases
How we understand

(2) k decreases as the number these experimental results
of monolayer n decreases

(3) kis much smaller than i, .. (~1/10 for 1x1-SL)



Lattice thermal conductivity (k)

Fourier’'s law

J=—x VT

Expression for thermal conductivity

lattice specific heat
relaxation time
group velocity in the direction of VT

K= ZKﬂ Ky = Cph (w,)7,V; 2 Cpn (@)= (o)’ explholKT)

A,

l KT* [exp(hew/KT) 1]
A= (k J)

wave vector
phonon mode



Effect of Brillouin-zone-folding in SLs

Opening of frequency gaps and the associated group-
velocity reduction near the zone center and boundaries

(1) P. Hyldgaard and G. D. Mahan, Phys. Rev. B56, 10754 (1997) simple cubic lattice
(2) S. Tamura, Y. Tanaka, and H. J. Maris, Phys. Rev. B60, 2627 (1999) FCC lattice

3D FCC lattice model (harmonic approximation)

A Z Periodic B. C.

X (1) M, =M,

(2) Force constant K is the same for
the atomic pairs A-A, A-B, B-B



Equations of motion for the lattice displacement

Lz 2a
«—>
: d,=n,a
A = GaAs or Si -
dz; =nga
B = AlAs or Ge .
¥
X
.e X X X X X
M n u Imn — E(ul+1,m+1,n + uI+1,m,n+1 + uI+1,m—1,n + uI+1,m+1,n—1
X X X X X
+ uI—l,m+1,n + uI—l,m,n+1 + uI—1,m—1,n + uI—l,m,n—l o 8uI,m,n
y y y y
+ uI+1,m+1,n _ uI+1,m—1,n + uI—1,m—1,n - uI—1,m+1,n
z z z z
+ uI+1,m,n+1 _ uI+1,m,n—1 + uI—1,m,n—1 o uI—1,m,n+1)
/D =d, +d;

I.Imn :(le' Zn)

=(I, m,n)a

|

(N) i ¥
uImn :lln(Z) eXp[I (k|| 'le +qND_a)t)]

\

u (z)=u (z) (1<n<n,+ny)

N+Ny +Ng

Bloch function

Periodic function
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Determination of dispersion relations

M, ®° +CC
SS
0

C (e'° +1)

0 C,EP+1) S,™®-1

1x1 SL

SS
M, ®° +CC
0 M,w0’-4K

0

(nA = Ng =1)

C (L+e™P)
0

0

S, (L—€™°)

C,(l+e™) S (1-e™)

S, 1-e™) S (1-e') C.(1+e™")

0 S, (" -1) M,w*+CC

SS

SS
M, " +CC

0
0

igD igD iqD
S,(e" -1) S (" -1) C (e™ +]) 0

3

0 M, ®° — 4K

C,=Kcoska, S, =iKsink a

a):a)(k”,q)

(C,,5,)=(k—k,)
C, =K(cosk,a+cosk,a)

CC =2K(2-cosk,acosk a)
SS =-2Ksink,asink a



B |

Frequency (THz)

Dispersion relations for k=0
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-_/ [ VS- ]max
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0 02 04
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qD/nt
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i Effect of group velocity and weighted density of states

To see the effect of group velocity, we have calculated

E:;Kz 7, = ;Cph (a)z)vi,z

Phonon density of states weighted by Vi,z

<Vvi(w) >:V£Z5(a)—a)ﬁ)vi,Z
A

1 ds,
@ 2l

(0/1 =w



sl WK e ps)
= = =
< S <
w N =

=
S
S

DOS weighted by (v,)2 and calculated K ~x /7

GaAs/AlAs

T T T

T T T

T

Lol

P N N I

l 1020 1T | T T 1T | T T TT | T 1T | T T 1T | T T 1T | T "]
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—_—n=1 i
'T"-. —n=5 i
L ’ .
T 610 FA AlAs ]
fj , \ i
—’ ..' 7 ‘o _
A i A .
o, 410% s \ —
= I.. \ .
y 2 A :
19

210 /.,‘/J‘ A, \\ 7
7 ‘\,\ v

0 100 ‘I'T Lo v by b |"k 11 }

1 2 3 4 5 g
Frequency (THz)
bulk AlAs

: T -
E T T 1T [ T T T T L [ T TI T T T E
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100
Temperature (K)

300 K

1000
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100
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AlAs(T=300K)

(K=l TY (1T

K ~ k[T vs number of monolayers

=== -—F-F-d--F-F -]

"R AAs (T=300K)

- GaAs (T=300K)

1 K '.-:I

& (W em

0.1

o
[

0.01

<

T=100K

O—6——6——0

N

A
=0 GaAs/AlAs

2 3 4 5

6

7

# of monolayers n

T T T T T T T
bulk GaAs (300K)

100K
J 200K

expt.
| | | | | |

10 15 20 25 30 35 40
# of monolayers n

8

9 10 11
n

Relative x/r

o
-

0.01

=== FRf-d--F-F-F—-"—-—-F -+ — 1
- Si (T=300K) -
i  Ge (T=300K) i
i A _
T=50K |
Si/lGe
| | | | | | | |
0 3 4 56 7 8 9 10 11
# of monolayersn ——

Calculated K ~ x /T exhibits

T and n dependences opposite
to the experimental results

====> [Effect of 7 is important !



{ How to include the effect of relaxation time
ull

Molecular dynamics (MD) calculations
(A) B. Daly et al., Phys. Rev. B66, 24301 (2002)

(1) Assume an initial temperature distribution of the system T(x,t =0), e. g.,

T(x,t=0)=To+ATgcos(2mx/Ly) (AT,=0.1T,) ' ' a ' '
computer simulated

temperature decay

0 < |S|_| :>L)(

(2) MD is used to determine the rate at BULK| 11 22 dxs
Gahs

which AT (t) is changed by heat diffusion , : . .
20 40 60 80 100

AT (t) =Lijo“ T(x,t) cos (2zx/L,) dx time (ps)

(3) thermal diffusion constant D is deduced from N
(4) thermal conductivity

AT (t) = AT jexp(-47z° Dt/L}) — is given by K=DC,,



A note on the MD calculation of Daly et al

(3) thermal diffusion constant D is deduced from

computer simulated

AT (t) = AT ~47° Dt/ L2
(®) 0 &Xp(-47" DU/L}) '_-::'-Q temperature decay
= 0.8
[ no good fit to the simulated AT (t) forasmallt] X
:] 0.6-

1/2 » N 1
V~(@4D/I)Y2 5w (t~0) | \ \\ _

B‘hLK 1%1 4
Gahs x1 22 4xd

An ad hoc modification for the solution for AT (t) , \ . |
20 40 60 80 100

time (ps)

4Dt o> 4Dt vt {vztz (t — 0)

4Dt + v*t° 4Dt (t — )

g

z°( 4Dt vt® the MD results for AT (t)/ AT, are fit to this
|_)2( ADt + V3t? form using D and v as adjustable parameters

AT(t) =AT, exp{—



{ How to include the effect of relaxation time-2

mil _ _
Molecular dynamics (MD) calculations

(B) K. Imamura et al., J. Phys. Condensed Matter 15, 8679 (2003)

A heat-reservoir method

(1) Heat current J
(2) Temperature profile T (x)

Fourier’'s law

}_> J=—x VT =-» K

hot heat cold heat
bath T, buffer layer bath T

harmonic spring anharmonic spring



Hamiltonian and interatomic potential

Hamiltonian
2 . . .
1 Interaction with _ _
H:Z P, +_Z®M'+(h t | j (=r,, =(, mn)a
. eat reservoilrs
Coam, 20 (M, = Mgaas OF Mpyo)
Interatomic potential 3" order anharmonicity
£ B relative
D, =,) :Euw = U U= | U= | displacement
3Ba
b= T , Bulk modulus
9I§7/ .
p'l=—- Gruneisen parameter (y = 2)
J2

Algorithm: Symplectic Integrator (SI) method



T Heat reservoirs and energy exchange with atoms

Heat reservoirs n,

y
(1) consist of particles with energy (E,, and
E, ) given by Boltzmann distribution at

T,and T,

(2) A patrticle collides elastically with an

1

%

atom at the end of the SL with a given
probability w (~0.1) at each time step

hot heat

bath T,

(3) Energy given to (removed from) the atom at the site (n_=1,n

[(n,=N,,n;,n)]

»

cold heat X

bath T,

N, n,)

(s)

(s)

0 EH_[p(ln “Jz QW [pm n,.n,)

]2

L, (ny, n,)

2m

QW ny=Q 0 y=0  (without collision)

2m

—E, (with collision)




Heat current and steady state

The heat flowing into (from) the SL at atime t

(averaging over time steps s’ to reduce fluctuations)

s=ln,,n,

1 & S 1 & S
(Qu(®)) =mz 2 QW (Q.) =@Z 2. Q)

s=ln,,n,

At =4 ps :an interval of time step
(from energy conservation)

Steady state for t> g,
(Qu®)) = ( Q)
( Qu(t)): t—indep.

Heat flux (defined in the steady state)

B 1
A(r,—1,)
X

\
cross-sectional area of SL

Jo {Qu) dt

heat flowing out from the SL

1.0...../:_........

<Q._ (t) > I
‘ . ——> steady state -

/ T | To=1.4ns
OO L L I R R T R R

VA L [
/1.0 1.5 2.0 2.5
heat flowing into the SL
Time (ns)

Heat flux (106 Jem” s
o
(O]
I
|




Temperature (K)

Temperature profiles

total # of lattice points in
the lateral plane =N,N, / 2

T T T T T T T T T T L Ij
~—Ty (GaAs) (AlAs) | T 330
without disorder | T,

| [

| TIHI (GaAs) 1(IAlzI%s)l1 | -

I i

with interfacial
roughness (f =0.5) ]

Ty

N, (monolayers)

a good conductor

0 400 800 1200 0

400 800 1200
N, (monolayers)
a poor conductor




|
m

A note on the temperature profiles

(1) No disorder is present

3 => T decreases exponentially with distance
[¢B]
§ T x/ L,
©
g T(X)=T, | =% 1
% (X) H(m) > KOC? 1/T-law
l— (GaAs) ,(AlAs) , T
100 | without disorder T,
o 200 800 1200 anharmonicity resists the heat flow
N, (monolayers)
4008 PATVRIRE (2) Disorder is present
2 with Interfacial _ - => T decreases linearly with distance
= s roughness (f = 0.5) 1
o 300F =
) o
S - T -T
8 T =Th+—X —=> | kT’
£ 200} ] L,
[¢B] r ]
=k :
= () TN . . o
wog . . g scattering from disorder is T-indep.
0 400 800 1200

N, (monolayers)



T Size independence and thermal conductivity
ml

For a small system size some phonons
travel ballistically between the reservoirs

x (W/ecmK)

0.8

0.6

0.4

0.2

Longitudinal direction

rrrrrrrrtprerr e e e
N=N=8 |

/ oo

0 1000 2000
# of lattice points NX

3000

——> Fourier’s law is inapplicable

0.8

0.6

0.4

0.2

( A~ depends on the system size)

Lateral direction

Bulk GaAs

N =1200
X

o

3) 10 15
N (=N)

N
o



Thermal conductivity in ideal SL

The simulated K includes the effect of lattice anhamonicity

1r | | | | | | 11
i effects of group-velocity 4
E reduction due to zone-folding .
,-5 _ simulated result for _ >
- |« <— ideal superlattice | @
&1 | -
= »
] ")
L b
= _ E
e xpt.
e
R
0.1 4 T=300K |{0.1
| | |

| | | [ [
0 5 10 15 20 25 30 35 40
# of monolayers(n)

(1) For large # of monolayers, k approaches to the experimental values

(2) For small # of monolayers, k does not explain the expeimental results

—> Anharmonicity is not the main origin of the reduction of x for small n



Thermal conductivity in SL with interface roughness-1

How to include the interface roughness

For the last atomic monolayer of each SL layer, we assign to each
atom the mass either Mg, or M, randomly with a probability f

interface layer

o

% 2. 8 0

ideal SL with roughness f=0.25 (f__=0.5)

max



Thermal conductivity in SL with interface roughness-2

1IIIIIIIIIIIIIIII

O <«— ideal SL
f=0.01

K /K
SL Gadis

®
f=0.05—>

0.1

Eb. ?/ Q Q expt

T=300K

0 10 20 30
# of monolayers (n)

Thermal conductivity (W/cm K)

0.1+

0.05 |

MD results of Daly et al.

T i T

without

® roughness _
o a
e o o ¢ '
F Y

A

J
A
with

roughness (f=0.5)

1 2 4 8 16 32 64

SUPERLATTICE LAYER THICKNESS
(monolayers)

(1) xin SLs with n <10 is strongly affected by the interface roughness

(2) k in SLs with f = 0.2- 0.5 coincides well with .,




Thermal conductivity in SL  with

Temperature variations

Interface roughness-2

Disordered SL

ldeal SL
T ——TTTTT T — ——T—T G&AS 1 [T T T ]
' | 300K I :
lF - - - e e e e - - - GaAs T [f=05 :
— gl — O _400K 5 .1
N SO . O
- 300 K
e o 300 K ] R S
5 @ | ® 5 o 400K
< ® o 2 8
< 4 ' ’ O B Q
4 [ O 7
3 O o o e 01k O |
400 K 50
®
6_
o 2 468I 7 468| *L T S PO  E
1 10 100 1 2 3 4567 2 3 4567100

Bilayer thickness (monolayers)

Bilayer thickness (monolayers)

(1) <inideal SLs ==> x . with respectton

(2) « in strongly disordered SLs ==> T-indep.



2. In-plane thermal conductivity

Expt. (by Yao) Zone-folding effect for the in-plane
N 1O — T T T T
bp— bulk GaAs _ 09; in plane
o8| e . i N — reduction 15/)
06 | o i ) unable to explain
= : ] ¥ 07p% out of plane , .
7 04 L O 1 "} Yao's experiment
; . ] 0.65_
0.2 [ ] 05k
f ' L, T=300K
02{} | 406080]00 | SEIK] IS[l){]' .E)I“IélHITIOIIII1‘5”H2I0H”25
Laycr thickness (A) Layer Thickness (monaclayers)
x10} .,
Weighted density of states eof 10XI05L 7 s g
GaAs fi ] I
) 509 | N |
< VZ (a)) > 404 In p ane f___-"': 1

{vHw)D (em ! sec)

1
=V;5(w—a)ﬂ)vilz

out of plane

o 1 2 3 4 5 6
Frequency (THz)



Comparison between the SLs without and with roughness

1.1
Ideal SL LRI N
00 -
T=3 K < 09 L A A A
S | Aasaaasst o
2 08 [ ® -
=4 o .
0.7 MD calculation
0.6 | | r | |
0 5 10 15 20 25
Layer thickness (monolayers)
SL with interface roughness

Ko /Kgans

0.1

F— 1 T | I ! E;

g

- =

Expt. o o z

N ' 2

o

® s

2

B ® D calculation 1 =

@ (f=05) E

[ , 1 1 . 1 a
1 5 10 50 100

Layer thickness (monolayers)

Kt

-| | T T T T T 111 | T )

/ Kaias jrﬁahs
1k K .
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w Summary
mll lF

. MD calculation with a classical fcc lattice model for the thermal
conductivity (k) of semiconductor SLs

1-1) For perfect, periodic SLs, the reduction of K is in good agreement
with the calculation based on the effect of Brillouin-zone folding

1-2) With the addition of interfacial roughness, the dependence of
on SL period similar to that seen experimentally is obtained

ll. These results are obtained with

(1) conventional MD simulations which assumes
the hot and cold thermal reservoirs

(2) a MD simulation for the relaxation of an inhomogeneous
temperature distribution

lll. The MD calculation have proven to be a powerful method
for studying the thermal properties in SLs.



