Monte Carlo Study of Thermal Transport of
Freqguency and Direction Dependent Reflecting
Boundaries in High Kn Systems

Abstract—The effective thermal conductivity of non-continuum
wires with rough boundaries was investigated theoretically. The
boundaries were designed to reflect phonons differently depend-
ing on the phonon frequency or the angle of incidence. Devices
with these properties could be useful in thermal management
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I. INTRODUCTION

Thermal rectification is a phenomenon where transport
through a material is dependent on the direction, and thaagh

problems on the nanoscale and microscale. In the first study OPServationsin solids have been rare, rectifying behaoald

the scattering was dependent on the frequency of the phonons have wide spread applications. Records of rectificatiore dat
where lower frequency phonons reflected diffusely while higher back as early as 1935 when Starr [1] found that copper/csprou

frequency phonons reflected specularly. In the directional stud a
parameter p, which is a function of the x-component of direction
and the phonon frequency, was used to account for the degreéd o
specularity. This work studied the effects of varying the cutoff
frequency and the device size, including length and cross section.
A one-dimensional Monte Carlo simulation of phonon transport
was used to investigate the thermal conductivity of a device
with adiabatic boundaries. This difference in scattering emerges
from the geometry and magnitude of rough surfaces where the
roughness is of the order of the dominant phonon wavelength.

NOMENCLATURE
lattice constant (m)
polarization (acoustic phonon branch)
degree of specularity
density of states (m’s)
normalized density function
exchange factors

total and x-component wave vector ()

device length (m)

phonon occupation number
number of phonons

probability of specular reflection
random numbers

height of device roughness
temperature (K)

phonon group velocity (ms')
device width (m)

aspect ratio i/ w)

characteristic surface roughness (m)
phonon frequency (Hz)

cutoff frequency (Hz)

azimuthal angle (rad)

polar angle (rad)

oxide systems showed thermal as well as electrical rectifi-
cation. Walker [2] presented evidence and several carelidat
theoretical models for rectification behavior. Most models
suggest that rectification could be exploited with our inveid
ability to manipulate materials at the nanoscale. In 2002 Te
raneo et al. [3] demonstrated theoretical rectificationalvedr
using a nonlinear one-dimensional chain of atoms between
two thermostats at different temperatures with a constant
temperature difference where they were able to change the
chain from a normal conductor to a nearly perfect insulator.

a similar study in 2004, Baowen et al. [4] simulated a norde
lattice and calculated a difference in conduction betwédwn t
two directions to be 100 times that of [3]. In 2006 Chang et
al. [5] suggested that solitons were responsible for reatifhn

and showed that greater conduction resulted in the directio
decreasing mass density in an engineered material havimg no
uniform mass distribution along the carbon and boron retrid
nanotubes.

Through phonon transport simulations we provide theoret-
ical evidence of the existence of thermal rectifying behav-
ior in devices with nanostructured boundaries. Many stud-
ies, both experimental and theoretical, have been perfibrme
and reported for thermal transport in low-dimensional dsli
including thin films and nanowires [6—10]. The theoretical
studies typically seen are based on the Boltzmann Transport
Equation (BTE) or molecular dynamics simulations. These
methods have been very effective in explaining thermalstran
port, specifically in nanoscaled structures. The BTE has bee
very useful because it is possible to achieve a closed form
analytic solution when introducing numerous assumptions
[6], though results can differ significantly from experintan
results [11]. Monte Carlo simulations have also been very



effective where both the transverse and longitudinal atousularly or diffusely depending on the roughness of that suerfa
phonon polarizations and phonon dispersions are consideasd the wavelength of the phonon. Due to the asymmetry of
[7]. Monte Carlo simulations have been used by Chen et #hese boundaries, it is possible to obtain a self-biasinicde

[8] to calculate the thermal conductivity of individualisdbn meaning the device would prefer thermal transport in one
nanowires of different sizes over a wide range of tempeeaturdirection over the other. This device behaves as a thermal
and the results show reasonable agreement with experimengatifier.
data [9, 10]. In these studies the surfaces were considexied fl Il SIMULATION METHOD
and the reflection from the surface was determined by a fixed :

parameter/, which is the degree of specularity. In 2006 Saha In this work we have used a Monte Carlo (MC) method to
et al. [11] conducted a Monte Carlo simulation of phonofimulate the phonon transport described in [7]. The number o
backscattering in a nanowire with V-shaped surface rougghn@®honons (1,000,000) is initially prescribed and their pa

to explain the difference in measured and calculated thern§i@ns and frequencies are obtained based on an initial tempe
conductivities in silicon nanowires. Saha’s work showst thature assuming equilibrium. The location of each phonon is
phonon backscattering (part|a||y diffuse and partia||¢apjar determined from a uniform distribution in all three dimenss.
reflections) can indeed produce the reduced calculatethgtier The individual components of momentum are calculated using

conductivity which is caused by the nanometer scale surface kp = ksin 6 cos ¢ Q)
roughness present in the samples during the experimenthl st N
ies [11]. In the present work we have used Saha’s hypothesis t y = ksinfsiny (2)

construct a device in which the surface roughness is depénde
on the direction the phonon is traveling. This difference in
surface roughness means the parameter that determineswthere %k is the total isotropic momentum. The directions
type of reflection (specular or diffuse) is a function of theosf = 2R; — 1 and ¢ = 27w R, which are the polar and
phonon’s frequency and direction. To create this we havd usszimuthal angles, are chosen from a uniformly distributed
boundaries that appear to be smooth to phonons travelimgmdom numbeR?; and Rs, which ranges from zero to one. In
in one direction while appearing to be rough (characteristihis work we assume an analytic dispersion with a maximum
roughness of the order of the phonon wavelength) to phondmansverse and longitudinal frequency 46 x 10'? Hz and
traveling in the opposite direction. This surface can béizea 1.23 x 10'3 Hz respectively which approximates the values
as a sawtooth (an asymmetric version of the V-shaped surfdgesilicon. The full details of the simulation can be found i
from ref. [11]) as seen in Figure 1 where each of the twaference [7]. A frequency range from zero to the maximum
surfaces have different roughnesses. The dimensions of fleguency of the longitudinal acoustic branch is dividetbin
sawtooth shape needs to be of the order or less than 0 equally spaced discrete values. Optical phonon mades a
phonon wavelength to result in a directional dependenoeglected in this study because of their minimal contrduti
for reflections. In our actual simulations the boundaries ato the thermal transport due to their small group velocity
flat, and the structured features are modeled by introducifi®]. This study is strictly within the ballistic transpargime
asymmetric reflection at the surface. therefore we are not considering three-phonon or impurity
scattering in order to isolate the effects of the boundaiiese.
| After the phonons have been initialized they are allowed
_ to drift linearly based on their individual momenta for a
\{[ prescribed time step of 5 ps for a total of 50 ns. If a phonon
§ crosses a boundary during the drift phase it is backed up to
1] 2 the first boundary it strikes and is reflected. The reflectibn o
the phonon is dependent on the sign of the x-component of
Wb e - momentum £,) and it's frequency. If a phonon has a positive
k. it will always reflect specularly because it will strike the
“smooth” surface, but if a phonon has a negatiyethen a
scattering parameter will be calculated, which is given by
\: 64775772w2}
Vi ol
where V, is the group velocity and; is the characteristic
Fig. 1. Diagram of the simulated geometry where one surfacensoth roughness of the surface [13]. A random numbe&) (s
(n = 0) and the other surface is rough ¢ 0). In the actual simulation then generated and comparedgtoif p > R the phonon is
the boundaries are flat. The dotted line represents themsysged in the . o .
MONT2D simulations. reflected specularly, otherwise it is reflected diffuselyr the
diffuse reflection the individual components of momentuen ar
Phonons striking the smooth surface will reflect specularisecalculated with the same total momentum and frequency in
and those that strike the rough surface will reflect eithecsp order to conserve energy. The phonon is then allowed to drift

k, = kcosf )

plw) = exp {— @)

¥ smooth surface rough surface



for the remainder of the time step. After each time step th¢ered is the branch (LA or TA) and: is the lattice constant.

energy, number of phonons and average temperatures of each
of the 100 cells is calculated.

IIl. SIMULATION RESULTS

The results of our simulations show that with a roughness

1 — — on the order of picometers on one side of the sawtooth we
0.9 — can achieve a self-biasing device. The level of self-b@sin
0.8 is related to the roughness so that an increased roughness

' / T=10K —— leads to increased biasing until the surface has a chaisditter
0.7 I/ $f§8§ ] roughness of around an angstrom at which point roughly all
0.6 /// T=640K — ] phonons traveling in the negative x-direction will reflect-d

L 05 ff fusely. At higher temperatures the influencepofill be lower
0.4 than for lower temperatures because the average frequéncy o
03 phonons at higher temperatures is larger. Smaller waviieng
02 phonons will scatter more diffusely resulting in more self-

' biasing. The temperature distributions for a low tempegatu
0.1 (10 K) (fewer high frequency phonons) and a high temperature

0 (640 K) (more high frequency phonons) for a large and small

0 2 4 6 8 10 12 14
Phonon Frequency (THz)

aspect ratio ¢) are shown in Figure 3. In this figure we see
that the temperature distribution is a strong function & th

Fig. 2. Normalized phonon number density as a function of phdremuency surface roughness, the aspect ratio of the device and tiie ini

at at various temperatures

equilibrium temperature. In these cases the boundariesecee

non-equilibrium temperature distribution because theyndb
In this work we studied systems with cross sections @flow the phonons to interact freely and exchange energy and
100 nm x 100 nm, 500 nm x 500 nm and 1000 nm x 1000nm mMomentum and thus result in a temperature gradient with zero
with lengths of 100 nm, 500 nm and 1000 nm . We also varigtet flux. For the calculation of the temperature within each
the roughness of the surface seen by the left-moving phon@ed!, local thermodynamic equilibrium is assumed and iswtbu
with values of; = 0 to 1 x 1072m. These roughnessesbased on the cell's phonon energies. Local thermodynamic
directly impact the probability of a specular reflectipnAs equilibrium is assumed to be valid because the phononsrwithi

the roughness increases, the probability of reflectingidpdg  €ach cell are allowed to interact

relatively freely withaut

decreases. large impact from the boundaries.
A cutoff frequency can be obtained by settipg= 0.5
and then calculating the frequency as a function of surface 15— -4y, YT ]
. . . . 14 = oh y
roughness as in equation 4. This cutoff frequency is th% 13 q;z}gm . y e zz nZietom ;
average frequency for which frequencies less than it wilg 2["=25n & & E n=lelzm H
. L. g 11 n - g 15 n=0m .
reflect specularly and frequencies greater than it will octfle B 10 prrmen e 2 .
diffusely. The normalized density function, which is seen i & °| .= K —
Figure 2 for various temperatures, is the fraction of phanon - j e O o )
below a partICUIar Phonon frequency‘ Th|S dIStrlpUtlonmo . Disténce alonlg devico;= (x/) Dist:;mce alonlg devic;s (x)
that below a specified frequency ther_e is a higher density @ (b)
of phonons for lower temperatures. With knowledge of the
average cutoff frequency along with the normalized density > n=1Eem e [n=169m
. . g . < n=1e-10m ) ¥ < =1le-10
function at a specific temperature one can approximate the 1200 nZlem - f,f < 5000 ﬂ=%§-%%$
. . . . . = = . " = =1le- m
level of self-biasing of the device. The normalized densityz °© n=om - 13 eo00 TG
. . . T 800 e g 3000 }
function (F,) is given by, g oo ; £ 2000 i
)dw T 400 e F 1000 4
200 0
Z Wmax b d (5) 0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
f w Distance along device (x/I) Distance along device (x/l)
where (n) is the Bose-Einstein distribution [12)(w) is the © )
3-D density of states given by, Fig. 3. Temperature distribution at 10K and 640K for differesurface
12 roughnesses and aspect ratios. (a) 10K with= 1. (b) 10K with o = 10.
D(w) = (6) () 640K with o = 1. (d) 640K witha = 10.

2m2Vy’
wherek is given by,

2
arccos (1 - 2w )

max, b

k=
a

The amount of self-biasing predicted from the simulations
can be seen in Figure 4 where the difference in the temperatur
of the right and left boundaries is shown as a function

(7)  of the surface roughness a0 K for various aspect ratios.



As the surface roughness is increased the difference in the 25 :
temperatures at the left and right sides (bias) becomesegrea /——X
This occurs because more phonons with negative values of
. . . > 20

k. are being reflected diffusely, therefore there is an equad /
probability that they will return to the right side. Phonons g
traveling in the positive x-direction will reflect specujar & 15 0 ==
and continue toward the right boundary. As a result phonon%
will tend to collect at the right boundary. A large change in3 19
the temperature difference is seen when the roughness gogs
fromn = 1x1072m ton = 1 x 10" m. This occurs £ —
because the transition to the smoother surface results in & °
raising of the cutoff frequency to a level where fewer phanon
exist 8 x 10'2Hz). For larger roughnesses the amount of 0=
phonons that is eligible to reflect diffusely does not inseea le-12 le-11 le-10 1e-09 le-08
significantly, so the temperature difference does not asee log(n)
as rapidly. The temperature difference fpe= 0 m was 0 with Fig. 4. Temperature difference at 10K for different surfaseghnesses and
some statistical uncertainty-@.5%), which is expected, when aspect ratios
no diffuse reflections occur.

Figure 5 shows the normalized temperature difference at
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a fixed surface roughness gf = 5 x 10~'2m for various T=10K ——
temperatures as a function of the aspect ratio (larger aspec 81 $24218E —x— /
ratio represents longer thinner wires). The normalized-tem 7 T=50K —=— =
perature difference increases with aspect ratio because th | . 55K =
reflecting boundaries dominate the transport. As the temper 5 | T =320K —=— >
ature increases, more high frequency phonons are preseft, T =480K 7
which causes a greater percentage of those with a negative 4 [ =640k +
x-component of momentum to scatter diffusely for a fixed 3 < ] R
surface roughness. This can also be deduced from Figure 2 2 — -
where it is shown that there are a greater percentage ofthighe /%/ _— o
frequency phonons at higher temperatures. At a fixed cutoff 1 %//
frequency, a greater percentage of phonons will be reflected o E=—
diffusely at higher temperatures resulting in the greatr n 6o 1 2 3 4 5 6 7 8 9 10

malized temperature difference. Figure 5 agrees withtiotui a

because if one were to either make the distance between he5 Normalized temperature difference fpe= 5 x 10~ 12 m versus the
asymmetric boundaries smaller or make the device longer w,g-,,ce aspect ratio in a temperature range from 0 to 640K

would expect to see greater interaction with the boundaries

which would enhance the self-biasing effect and result in a

greater temperature difference between the right anditidss the symmetry of the system. In the foregoing example, the
of the device. selective boundary breaks the symmetry.

This simplified model demonstrates the possibility of An analogy to this rectification effect can also be drawn
achieving a thermally self-biasing device, which lends- crevith that in apn-junction where the drift current and diffusion
dence to the idea of designing a device for thermal rectifiurrent are non-zero, yet the net current is zero. The drift
cation. Upon initial inspection, the device appears to afger current is a result of motion of charge carriers under aniagpl
like a Maxwell's demon, which would violate the second lavelectric field. The diffusion current is a result of the dgfon
of thermodynamics if in equilibrium. For this reason, theref particles from an area of high concentration to an area of
is understandable debate over whether we have devisetbwa concentration. In an-junction, two materials of differing
non-physical scenario or if the system is not in equilibriuntharge carrier concentrations are brought into contacthwvhi
Nevertheless, thermal rectification is seen in devicesttha¢ allows the carriers in the material with a higher concergrat
some asymmetry associated with the geometry. For examyite diffuse into the other material. Because of this diffusio
natural convection in an enclosure where the heat transfemprocess a current is then established as a result of no ektern
in the vertical direction exhibits a rectification effect. @h forces which is a non-physical effect. To obtain a zero net
the bottom is heated, buoyancy-induced flow results in a&targcurrent there must be an equal and opposite drift currenttwhi
heat transfer coefficient than when the top surface is heatédplies that a non-zero internal electric field developsheat t
In the latter, the heat transfer is by conduction through & ganction. In the current work it can be argued that a simifar e
only, which is generally small compared to convection irt thdect is occurring. The boundaries create a non-uniform phon
same gas. In the natural convective example, gravity breakstribution due to the directional and frequency dependen



. .. . . TABLE |
of the phonon reflections. This is analogous to the diffusion rapjation ExcHANGE FACTORS FOR CONFIGURATION SHOWN IN

current in thepn-junction. Because the device is insulated FIGURE 1. THE DIFFERENCE REPRESENTS THE AMOUNT OF

from eXternal forces there must be an equa| and opposite ﬂLB{ECTIFICATION. THE THREE SURFACES OF THE SAWTOOTH STRUCTURE
. . . . ARE SPECULAR(S) OR DIFFUSHED). THE ERROR ASSOCIATED WITH

to obtain no net flux in the device. In this case a NON-Z€ro ooty HEIGHTE = 1.8 1S 6.06 x 10— AND THAT ASSOCIATED WITH

temperature gradient exists which is analogous to the non+=0.2159.83 x 10~4. THEREFORE NO CONFIGURATION EXHIBITS

zero internal electric field in then-junction. This can be RECTIFICATION.

seen by examining the phonon and temperature distribution 7 suface 73 o1

as a function of time within the device where, as mentioned 18 555 0.09675  0.09609
previously, the higher frequency phonons collect near it r DDD  0.09550 0.09551
boundary when the characteristic surface roughness seen by . ggg %-%%‘;55? %-%%%gg
the phonons moving in the negative x-direction is greatanth 02 SSS 0.82446  0.82547
zero. DDD  0.65363 0.65481

DSD 0.65836  0.65790

In the Monte Carlo model, the boundary was assumed Sps 083013 0.83205

flat because the roughness is typically much smaller than
the device dimensions. Moreover, the roughness is compa-
rable to the phonon wavelength. The fact that the boundagfiection is related to the roughness, rectification is cedy

has a geometric feature that interacts with the phonons g4 an unbiased device is recovered for symmetric bouredarie
the boundary is included by fabricating selectively dius The Monte Carlo results are predicated on the assumption
or specular reflections. A sawtooth structure, which appeahat surface features are of the order of phonon wavelengths
different from each direction, is used to motivate this typgng that an asymmetric surface can be designed and built. For
of boundary. We also note that a sawtooth structure does &ghulations involving large features compared to the phono
produce rectification if the phonon wavelength is small@nth yayelengths, no rectification is seen. Therefore, rectiioa

the height of the sawtooth. In this case the transport can geonly possible with nanostructured materials. Whether the
predicted by a radiation exchange factor analysis. The tQ@lyice can actually be built is under investigation.

MONT2D [14] was used to predict the exchange factors for the These findings suggest that new materials can be used to
enclosure shown in Figure 1. The reflectivity of the sawtoot&ovide advanced passive thermal control of localizedstran
surfaces was unity but the nature of the reflection was Chh”q;ﬁbrt. In the present context, we have used the amount of self-
between purely diffuse and purely specular, resulting i fopjasing as an indication of how strong the rectification rhigh
possible configurations. In addition to the surface progert pe. However, once the device is connected to thermalizing
the height of the sawtooth relative to the device size was algsseryoirs, the frequency content at each end will change.
varied. In no case was the exchange facks found to be | the limiting case of pure diffuse reflection of phonons
different than75;. Table | summarizes the results for tWoom the preferred direction, the selection is not freqyenc
different sawtooth sizes. These results imply that thei¢abed dependent, so the bias is due to the number of phonons
device boundaries must not only be asymmetric to obtaingdg not the frequency content of those phonons. Therefore,
directional dependence, but they must also differ in serfaghermalizing boundaries will not change the frequency eont
roughness to resultin a frequency dependence and redtificaisf the collection of phonons. Therefore, in a biased device,
behavior. To fabricate a device of this type would requiredr applied temperature gradient, we expect heat transferighat

control of the geometry and quality of the boundaries. \#sio proportional to the self bias added to the applied bias.
fabrication and characterization techniques could be fised
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