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Microscale Thermal Characterization for Two Adjacent
Dielectric Thin Films
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National Tsing Hua University, Hsinchu 30043, Taiwan, Republic of China

Heat conduction in two adjacent layers of dielectric thin � lms are analyzed by solving an equation of
phonon radiative transfer. In the present work, the physical model is derived with an equilibrium tem-
perature at the imaginary black interface, so that the two layers can be linked. Moreover, the effective
mean free path can be corrected by the phonon scattering rate on grain boundaries of imperfect interface.
Chemical-vapor-deposited diamond layer on silicon is chosen as the structure of the test case. The studies
found that the interface is a critical issue in microscale thermal characteristics; for example, a temper-
ature jump at the interface characterizes the effective thermal conductivity on diamond � lm and in� u-
ences the temperature level on the silicon substrates. Energy transmission to the other layer increases
the temperature jump at the interface and lowers the temperature level on the silicon substrate without
changing the phonon mean free path. The disorder interface with various grain structures increases the
phonon scattering rate and shortens the effective mean free path signi� cantly; therefore, the temperature
gradient across the diamond � lm increases and the normalized temperature jump at the interface is
decreased substantially.

Nomenclature
C = heat capacity
d = grain size
I = phonon intensity
k = thermal conductivity
N = number of atoms
q = heat � ux
T = temperature
t = time
U = internal energy
V = phonon group velocity
a = energy transmission coef� cient
h = grain boundary scattering strength
u = Debye temperature
L = phonon mean free path
m = cosine of the angle between the phonon propagation

velocity and the x direction
t = relaxation time
V = solid angle

Subscripts
D = defects or at Debye temperature
eff = effective quantity
G = grain
GB = grain boundary
i = medium i
j = medium j
S = at imaginary interface
U = Umklapp process
v = spectral quantity
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Superscripts
1 = positive direction, 0 < m < 1
2 = negative direction, 21 < m < 0
0 = at equilibrium

Introduction

H IGH-DENSITY chips and high heat generation are the
general trends in electronic devices, and the temperature

of solid-state devices often determines the thermal perfor-
mance; therefore, heat transport becomes a critical issue in
their design of small length scale. Very thin � lms (100 Aº ;
100 mm) of dielectric materials are extensively used in elec-
tronic devices, and the microscale heat transfer in thin � lms
attracts much attention. Examples include silicon-on-diamond
(SOD) circuits, in which chemical-vapor-deposited diamonds
are layered on silicon,1 and a novel composite diamond – gal-
lium arsenide substrate.2 These � lms, with thickness between
0.1 and 5 mm, have the potential to change the thermal per-
formance of electronic microstructures. Majumdar3 showed
that Fourier’s law cannot be applied to analyze heat conduction
in a regime of temperature and thickness of dielectric thin
� lms. He developed an equation of phonon radiative transfer
(EPRT), based on Boltzmann transport theory, to analyze the
heat conduction in a single thin � lm, and concluded that heat
conduction by lattice vibrations or phonons behaves like ra-
diative transfer for the microscale regime. Majumdar’s results3

demonstrated that Fourier’s law overpredicted the heat � ux
when the mean free path is comparable to the � lm thickness.
Furthermore, he suggested an effective mean free path Leff as
a function of bulk mean free path L and � lm thickness L in
determining the thermal conductivity. Flik and Tien4 derived
the free path components in the direction of transport by sim-
ple geometrical considerations, and obtained the reduced ther-
mal conductivity in a given direction as the size effect. The
analysis agreed well with a solution to the Boltzmann equation,
and with experimental data on homogeneous � lms. However,
this model of size effect as a result of boundary scattering did
not consider the effect of grain boundaries, and did not agree
with experimental data on � lms with grain sizes smaller than
the � lm thickness. The grain structures shown in an electron
micrograph5 demonstrated irregular patterns, such as extreme
cases of random and columnar grains. The particles or waves
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Fig. 1 Schematic diagram of two thin � lms.

would scatter differently as they traveled through these differ-
ent-shaped interfaces. Phonons are responsible for heat con-
duction in the dielectric material, e.g., diamond, and are
strongly in� uenced by the grain boundaries near the interface.
Therefore, analysis, including the grain-boundary effect on the
interface, is essential, particularly as regards interaction with
the microscale effect of diamond layer.6 Goodson et al.,5 Touz-
elbaev and Goodson,6 and Goodson et al.7 lumped the inter-
facial effects to a single layer by the use of thermal boundary
resistance, and solved the phonon transport equation using the
diffusion approximation and a slip boundary condition. This
solution method was derived by Chen and Tien8 to calculate
the effective thermal conductivity for conduction normal to
homogeneous layers.

In the present study, the EPRT is employed to analyze ther-
mal performance for both the very thin � lm and the adjacent
substrate, including the interfacial effects. The temperature
pro� les in both layers are of interest as well as the temperature
jump across the interface. Two major issues are analyzed and
discussed in this paper: 1) the effect from energy transmission
between two media, and 2) the roughness effect from to pho-
non scattering on grain boundaries. The test case in the present
study uses the diamond layer deposited on a silicon substrate.

Physical and Mathematical Formulation
Heat transfer in a dielectric solid by lattice vibrations or

phonons can be analyzed using the semiclassical Boltzmann
equation. Majumdar3 transformed it to an EPRT in the form

01 ­I ­I I [T(x)] 2 Iv v v v
1 m = (1)

V ­t ­x Vt(v, T )

where Iv represents the intensity of phonons with frequency v
and t is the relaxation or the mean free time between scattering
as a function of v and T. is the equilibrium intensity cor-0I v

responding to a blackbody intensity at temperatures below the
Debye temperature. The heat � ux q(x) can be obtained by the
integration over frequency and solid angle as follows:

vD

q(x) = mI (x, v, V) dv dV (2)vE E
V =4p 0

For steady state, the phonon radiative equilibrium is
achieved, so that = ?q = 0. Furthermore, (T ) can be approx-0I v

imated by assuming a condition of equilibrium at every fre-
quency, then

1

10I = I dm (3)v vE2 21

Integrating the preceding equation over all the frequencies, the
U of phonons can be obtained9

vD
Iv

U = dv dV (4)E E VV =4p 0

And the internal energy of phonons can be also expressed as
a function of temperature, based on Debye theory10

3 xD 3T x
U = 9Nk T dx (5)B S D E xu e 2 10

where kB is the Boltzmann constant. The upper limit in the
integral xD is de� ned as u/T. Linking Eqs. (4) and (5), the
equilibrium intensity function can be expressed as

v 1 3 xD D 3T x0I (T ) = 2p I dm dv = 9NVk T dxv BE SE D S D E xu e 2 10 21 0

(6)

The phonon internal energy function is proportional to the
fourth power of temperature, when the temperature is much
lower than the Debye temperature. If the temperature becomes
higher, the phonon internal energy is proportional to the sec-
ond power of temperature, and then linear proportional to tem-
perature (present study).

Because the medium is assumed to be gray, the relaxation
time is frequency independent. The subscript v in Eq. (1) can
be removed, i.e., the EPRT can be expressed as

1

1
I dm 2 IE2

2 11 ­I ­I
1 m = (7)

V ­t ­x Vt(T )

These equations are applied to both media of the thin � lm and
substrate.

Boundary and Interface Condition

The present study considers the thin � lm of thickness L1

adjacent to the substrate of thickness L2 (Fig. 1), with the x
coordinate starting from the top surface of the diamond � lm.
It is assumed that the boundaries at x = 0 and L1 1 L2 are
rough enough to scatter phonons diffusely, and the thermo-
dynamic equilibrium is restored at these two surfaces. There-
fore, the surface boundaries are black, with T1 and T2 under
the Casimir limit. Conditions on the interface must be empha-
sized for the present study. Phonons in dielectric materials are
scattered by boundaries, impurities, defects, and other pho-
nons. The interface between the � lm and the substrate will
either re� ect or transmit phonons and act as a resistance to
heat � ow. The transmissivity will be discussed in the next sec-
tion. The phonons re� ected by the rough interface are assumed
diffusely and the interface can reach local idealized thermo-
dynamic equilibrium, i.e., the phonons are thermalized at the
imaginary black interface with TS.

While the intensities at the interface in the � lm side and in
the substrate side are IS1 and IS2, at the imaginary black inter-
face

0I = I (T ) (8a)S1 1 S

0I = I (T ) (8b)S2 2 S

Although the temperature jumps at the interfaces as well as at
the boundary surfaces are expected, the requirement of the
constant heat � ux across the two media must be met to validate
this derivation.

If energy transmission across the interface is considered, the
interface is not black but gray, and IS1 and IS2 can be expressed
as

1 0I = (1 2 a )I (L ) 1 a I (T ) (9a)S1 1– 2 1 1 1– 2 1 S

2 0I = (1 2 a )I (L ) 1 a I (T ) (9b)S2 2– 1 2 1 2– 1 2 S
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where and are the transmission coef� cients at thea a1– 2 2– 1

interface from medium 1 to medium 2 and from medium 2 to
medium 1, respectively. is the radiation intensity at x =1I (L )1 1

in the forward direction, that is, 0 < m < 1, in medium 1,2L1

and is the radiation intensity at x = in the backward2 1I (L ) L2 1 1

direction, that is, 21 < m < 0, in medium 2.

Phonon Transmission Across the Interface

When phonons of a particular frequency are incident on the
interface between two different media, only a fraction of en-
ergy is transmitted and the other fraction is re� ected. For spec-
ular interface and constant heat capacity, Chen11 derived the
following relation to compute the energy transmission coef� -
cient:

3 3a /a = C V /C V (10)i2 j j2 i j j i i

Real solid surfaces are usually rough, and the effect of rough-
ness on transmission of phonons can be described by the effect
of diffuse scattering on the thermal boundary resistance.
Chen12 derived the energy transmission coef� cient for diffuse
interface as follows:

C Vj j
a = (11)i2 j

C V 1 C Vi i j j

The inelastic scattering is particularly signi� cant at the inter-
face formed by two solids having widely different Debye tem-
peratures.13 The work of Chen12 pointed out that Eq. (11)
automatically includes inelastic scattering. Furthermore, the
values of speci� c heat and phonon velocity are employed.14

Interfacial Effect on Phonon Effective Relaxation Time
in Thin Film

Because the crystalline of the substrate can be assumed to
be perfect and the thickness of the substrate is usually much
thicker than the thin � lm, size and/or disorder interfacial effect
near the interface on the phonon mean free path are taken into
account only for the � lm side. For the real interface, the t for
phonon scattering is required to solve the EPRT in Eq. (7) and
is contributed by the phonon– phonon Umklapp scattering tU

and the phonon scattering rate caused by defects such as im-
purities, grain boundaries, and rough interfaces tD, i.e.,

1/t = (1/t ) 1 (1/t ) (12)U D

The effective relaxation time t is the ratio of L and V, i.e., t
= L /V, so that Eq. (12) can also be written as

21 21 2 1L = L 1 LU D

The relaxation time15 for Umklapp processes is proportional
to [v2T 3 exp(2u/aT )]2 1, where a is a constant characteristic
of the vibrational spectrum of the material. For diamond � lm,
the relaxation time for Umklapp processes can be further ex-
pressed as7

2 1 2 3[t (x , T )] = A (x ) T exp[(2B )/T] (13)U v U v U

where AU = 640 s2 1 K2 3 and BU = 470 K. The dimensionless
phonon frequency xv is xv = hPv/kBT, where hP is Planck’s
constant divided by 2p.

Goodson5 related the internal phonon scattering rate to dG

and to the dimensionless h. He assumed that the small grain
dimension causes phonon scattering on defects near grain
boundaries to dominate over scattering on defects within grain.
This assumption leads 1/tD in Eq. (12) to be replaced by the
scattering rate from grain boundaries 1/tGB. Two approxima-
tions are proposed to relate 1/tGB and dG. Approximation 1
distributes the defects contributed by grain boundaries homo-

geneously within plane x, and approximation 2 collapses all of
the imperfections onto the boundaries of grains. For approxi-
mation 1, the scattering rate is proportional to h and inversely
proportional to dG, i.e.,

2Vh(d , v)G2 1[t (d , v)] = (14)GB G
dG

For approximation 2, the scattering rate of phonons is an ex-
ponential function of grain-boundary scattering strength, which
is appropriate for conduction normal to layers with an entirely
columnar grain structure, i.e.,

2 1[t (d , v)] = (2V/pd ){1 2 exp[2(p/4)h(d , v)]} (15)GB G G G

LGB in both approximations are functions of dG and v. For a
nonhomogeneous medium, the thermal boundary resistance RT

can be obtained as8

u /T
1 V C(x , T ) dxv v

= (16)E 4–R 3 d (x , T ) 1 [(1/a ) 1 (1/a ) 2 1]T E v 3 0 1– 20

where dE is the dimensionless effective layer thickness calcu-
lated by

L1
1 dz

d (x , T ) = (17)E v EL L (z, v, T )1 GB0

The transmission coef� cient a1– 2 for phonons into the sub-
strate (x > L1) is calculated as discussed in the preceding par-
agraph, and the transmission coef� cient a0 on the top surface
(x = 0) is set to 1 by the assumption of a black surface. C(xv,
T ) is the speci� c heat and is a function of phonon frequency
and temperature.

Because the medium is assumed gray in the present work,
an effective mean free path including grain boundary scattering
is evaluated by

u /T

C(x , T ) dxv vE
0

2 1L̄ = (18)
u /T

C(x T )v ,
dxvE 21L (x , T )v0

then t = is obtained as the effective relaxation time andL̄ /V
employed in EPRT.

Computational Method
The integral in Eq. (7) can be approximated by Gaussian

quadrature

1 N

I(m) du = I(m )wj jE O
j=12 1

where mj are discrete directions and wj are the weighting fac-
tors. Eight directions are recommended,16 and 16 directions
have been used to achieve the same results with good accuracy.
Because the problem is solved under the assumption of radi-
ative equilibrium, it was found that the heat � ux maintained a
constant along the computational domain. This was a way to
verify whether the solution was correct.

Then, the two-� ux model of radiative transfer17 is applied to
solve Eq. (7), i.e.,

N
1 1I(m )w 2 Ik kO1 2­I k=1

m = for m > 0 (19)j j
­x Vt

N
1

2I(m )w 2 Ik kO2 2­I k=1
m = for m < 0 (20)j j

­x Vt
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Fig. 2 Effective thermal conductivity for various � lm thicknesses
of diamond and silicon.

These equations are discretized by the � nite difference method.
For radiation in forward directions, the backward difference is
employed to calculate the � rst derivative of I1 at location in-
dex i, i.e.,

1­I I 2 Ii i2 1
= (21)U­x x 2 xi i21i

For radiation in backward directions, the forward difference,
instead of the backward difference, is used

2­I I 2 Ii1 1 i
= (22)U­x x 2 xi1 1 ii

Substituting Eqs. (21) and (22) into Eqs. (19) and (20), a set
of difference equations can be formed

N
1

I w 2 Ii,k k i, jOI 2 I 2i, j i21, j k=1
m = for m > 0 (23)j jx 2 x Vti i2 1

N
1

I w 2 Ii,k k i, jOI 2 I 2i1 1, j i, j k=1
m = for m < 0 (24)j j

x 2 x Vti11 i

There are NI1 nodal points (i = 1 to NI1) in diamond � lm and
NI2 nodal points (i = NI1 1 1 to NI = NI1 1 NI2) in silicon
substrate. The grids are clustered to the interface (x = L1) to
eliminate numerical error. There are NI1 (25) computational
nodal points in medium 1 and additional NI2 (25) nodes in
medium 2. There is no difference in the calculated intensities
if � ner grids (NI1 = 50, NI2 = 50) are employed. At the top
surface of the diamond � lm (i = 1, x1 = 0), = . At the1 0I I (T )1, j 1 1

bottom surface of the silicon substrate (xNI = L1 1 L2), =2I NI, j

(T2). For the interface at xNI1 = , = IS1 in Eq. (9a); and0 2 2I L I2 1 NI, j

at xNI11 1 = , = IS2 in Eq. (9b).1 1L I1 NI1 1, j

After the energy intensity at any location xi and direction mj

is obtained, the heat � ux and temperature distribution are cal-
culated by the following relations:

N

q(x ) = 2p m I w (25)i j i, j jO
j=1

N

0I (T ) = 2p I w (26)i, j jO
j=1

Results and Discussions
Diamond has exceptional properties, such as high electrical

resistivity, extreme hardness, and excellent conductivity of
heat, and direct deposition of diamond on silicon is promising
for achieving minimum thermal resistance between layers. Ex-
perimental data and computational predictions on thermal
boundary resistance for diamond � lm are available to make
comparisons with the present work. Therefore, the diamond
layer deposited on silicon substrate is chosen as the demon-
strating case in this study. Because the diamond � lm is much
thinner than the base material of silicon, the emphasis will
be put on the temperature pro� les of the diamond � lm instead
of the base material and the temperature slip at the interface.
To illustrate the topping layer (medium 1), the EPRT is solved
for different thicknesses of silicon vs different diamond layer
thicknesses. Figure 2 shows that the decrease of diamond layer
thickness reduces the effective thermal conductivity on the di-
amond � lm, and the curves for the silicon thicknesses of 10,
20, and 30 mm are coincided. Therefore, the following com-

putations are performed with � xed thickness of 20 mm for
medium 2. The effective thermal conductivity keff is de� ned as

k = qL /(T 2 T ) (27)eff 1 1 S

where q is the imposed heat � ux on the topping surface.
Figure 2 also shows the � lm thickness effect on keff as well

for comparison. Figure 2 demonstrates that the present method
produces the same keff (dashed line), by treating the interface
as a black surface, as the keff (solid line) by treating the sin-
gle layer of diamond with two black boundary surfaces. The
implementation of the transmission coef� cient decreases the
effective thermal conductivity. The reduction of effective
thermal conductivity is caused by the enlargement of the tem-
perature jump at the interface. When the � lm thickness is much
larger than the phonon mean free path, the keff approaches bulk
thermal conductivity. However, the keff approaches a constant
of small value as the thickness approaches ultrathin thickness,
because the phonon mean free path is limited to the physical
dimension of the layer.

Figure 3 plots the normalized temperature distribution on
the diamond � lm and the top portion of the silicon substrate.
The normalized temperature is de� ned as

T = (T 2 T )/(T 2 T ) (28)NORM 2 1 2

Different magnitudes of temperature jump at the interface (x
= L1) and boundary surfaces (x = 0 and L1 1 L2) are obtained
for different assumptions with different diamond layer thick-
nesses. The temperature pro� les and the jumps at the walls
and at the interface are of interest in the present study.

Majumdar 3 treated the boundary surfaces of the diamond
layer as black surfaces, based on the relative large ratio of the
phonon mean free paths in the diamond and the silicon. There-
fore, he solved the temperature pro� le in a single layer only,
and his calculation is equivalent to the part of our solutions
for the black-interface cases. The smallest temperature jumps
and the highest temperature levels in silicon substrate are ob-
served for this simpli� ed case, which coincide with the solu-
tions for a single-layer assumption. The temperature jump is
enlarged when the energy transmissions from the other sides
are taken into account, and are calculated by the equation de-
rived by Chen,12 i.e., = 0.33 and = 0.67 in the presenta a1– 2 2– 1

case. This is because a fraction of incident energy is re� ected
at the interface, that is, the thermal resistance at the interface
increases. It is observed that the temperature distributions on
the diamond layer with a thickness of 5 mm are almost the
same for both black and gray interfaces, and the temperature
level of the substrate is lower by the layer temperature jump
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Fig. 3 Temperature pro� les on diamond– silicon � lms. Diamond
� lm thickness = a) 5 and b) 0.5 mm.

Fig. 4 Energy transmission on normalized temperature jumps.

Fig. 5 Thermal boundary resistance vs diamond � lm thickness
for grain sizes and structures at interface.

for the gray interface (Fig. 3a), compared with the level for
the black interface. As the � lm thickness is reduced to 0.5 mm
(Fig. 3b), the temperature is more uniform in the diamond � lm
and higher on average than the temperature for the 5-mm thick-
ness. In addition, the temperature jumps at the interface in Fig.
3b are larger than those shown in Fig. 3a because of a thinner
� lm thickness.

Figure 4 concludes the effects mentioned in the preceding
text on the normalized temperature jump by DTNORM = DTjump/
(T1 2 TS), where TS is the idealized temperature at the imag-
inary black interface. For the black interface case, the nor-
malized temperature jump is equivalent to that obtained by
single-layer approximation, which is shown by the bottom line.
These curves illustrate that the normalized temperature jump
increases as the layer thickness decreases. The increase rate
slows as the � lm thickness approaches the phonon mean free
path. The temperature jump approaches a constant as the layer
thickness approaches this limit. As the phonon transmission
between the two media is implemented, the normalized tem-
perature jump is larger than that of the black surface for all of
the � lm thickness from 1025 to 102 8 m. The increases in tem-
perature jump are contributed by the changes of layer thickness
in the diamond and the ratio of the diamond-to-silicon layer
thicknesses.

Because the deposition of � lm diamond layers on silicon
forms a highly irregular interface, the scattering rate of the
phonons is strongly in� uenced by grain size and boundaries.
The phonon mean free path and thus the effective thermal
conductivities of diamond are signi� cantly altered, which will
affect the temperature distributions on both layers and the tem-
perature jump at the interface. Goodson et al.7 measured the
total thermal resistance for conduction normal to diamond lay-
ers thinner than 5 mm on silicon substrate, and obtained the
prediction of thermal boundary resistance using the same anal-
ogy as solving equivalent phonon transport equations (Eq. 16),

as discussed in the preceding sections. Figure 5 plots the pre-
dicted thermal boundary resistance vs diamond layer thickness
by the present computational method. The agreements between
the data of Goodson et al.7 and the present predictions are
achieved. It is evidence that veri� es the present computation.
An effective silicon– diamond boundary resistance resulted
from the high rate of phonon scattering within the diamond
near the interface.7 The thermal boundary resistance of the
randomly oriented grains at the interface increases 1.2 – 1.5
times, as the size of the same grain structure is decreased from
50 to 20 nm, but the resistance is not altered much for different
sizes of grain with columnar grain structure. However, signif-
icant differences in resistances for different grain structures are
obtained. Although measured data agree with predicted values
by randomly oriented grains, it is interesting to detail the ther-
mal performance with different grain structures. Additional in-
formation on temperature pro� les on both media and temper-
ature jump at the interface can be provided by the present
computational model.

Figure 6a shows the normalized temperature pro� les on both
media, with a diamond thickness of 5 mm and a silicon thick-
ness of 20 mm, and a 20-nm grain size at the interface. The
top solid line is obtained by the classical Fourier’s law, which
indicates the most uniform temperature distribution in diamond
layer and the highest temperature levels in silicon substrate
among all curves. If the grains at the interface are randomly
oriented, the temperature gradient in the diamond layer is
largely increased, as shown in the bottom two curves. The line
next to the top line (Fig. 6a) shows that there is a small tem-
perature jump at the interface, which results from the black-
interface assumption. The temperature jump is enlarged as the
interface is assumed to be gray, which results from the same
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Fig. 6 Temperature pro� les on diamond – silicon � lms with same
grain size (20 nm) at interface but different grain structure. Dia-
mond � lm thickness = a) 5 and b) 0.5 mm.

Fig. 7 Temperature pro� les on diamond – silicon � lms with same
grain size (50 nm) at interface but different grain structure. Dia-
mond � lm thickness = a) 5 and b) 0.5 mm.

Fig. 8 Normalized temperature jump vs diamond � lm thickness
for different grain sizes and structures at interface.

reasons as for a perfect (no scattering on grain boundary) in-
terface with energy transmission. The temperature jump at the
interface, considering phonon scattering on the grain boundary,
is slightly smaller than that with the perfect interface because
of a smaller phonon mean free path (Fig. 3a). In the meantime,
the temperature gradient across the diamond layer of Fig. 3 is
much larger (;15 times) than that with the perfect interface.
This is because of much shorter phonon mean free paths from
scattering on grain boundaries leading to much smaller effec-
tive thermal conductivity. A large temperature gradient across
the diamond layer implies smaller effective thermal conductiv-
ity and larger thermal boundary resistance.

If the grain is columnar structured, the phonon mean free
path is on the order of hundreds of nanometers, which is com-
parable to the bulk mean free path. Therefore, the temperature
gradient across the � lm is effectively reduced (Fig. 6), but its
magnitude is still higher than those with perfect interface (Fig.
3). As the diamond � lm is reduced, the temperature jump at
the interface is enlarged (Figs. 6a and 6b).

If the grain size is 50 nm at the interface, the thermal bound-
ary resistance is lowered (Fig. 5), which implies higher effec-
tive thermal conductivity and a � atter temperature gradient on
the diamond � lm (comparing Figs. 6 and 7). A � atter temper-
ature pro� le on the diamond layer also indicates a higher tem-
perature level on the silicon substrate. Figure 8 plots the nor-
malized temperature jump at the interface vs the diamond � lm
thickness for different grain sizes and structures at the inter-
face. Although the thinner diamond � lm still implies larger
increases of the normalized temperature jump, as the perfect
interface demonstrates, the increasing rates of jump magnitude
are changed (comparing Figs. 4 and 8). Moreover, the follow-
ing facts are illustrated:

1) The temperature jump with the randomly oriented grain
is much lower than the jump with the columnar-structured
grain.

2) Larger grain size implies a slightly higher temperature
jump at the interface.

3) The grain size dependency is stronger for randomly ori-
ented grains than for columnar-structured grains because the
phonon mean free path is a weaker function of � lm thickness
than for columnar-structured grains.

Conclusions
The present study extends the EPRT to calculate the thermal

performance for two adjacent dielectric thin � lms by introduc-
ing an equilibrium temperature at the imaginary black interface
and the effective mean free path. Therefore, the temperature
pro� le on both media and the temperature jump across the
interface can be obtained simultaneously. Based on the
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demonstrating case of the chemical-vapor-deposited diamond
layer on silicon, the major � ndings are as follows:

1) Thinner diamond � lm implies lower effective thermal
conductivity, a larger temperature slip on the diamond surface,
and a larger temperature jump at the interface. The trends are
the same as those for a single layer of diamond � lm.

2) When the interface is assumed to be black, all of the
incident energy is absorbed and no energy is re� ected. As the
gray interface is implemented, that is, the transmission of en-
ergy is calculated, the temperature jump at the interface is
enlarged because of the energy re� ected, i.e., the increase in
thermal boundary resistance at the interface, and the temper-
ature level in the silicon substrate is lowered.

3) Disorder interfaces with randomly oriented grain or co-
lumnar-structured grain increase the phonon scattering rate and
dominate the thermal performance of the diamond � lm and
silicon substrate. The interface with a column-structured grain
provides much better thermal performance than the interface
with a randomly oriented grain.
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