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Outline	  

•  What do we know about imperfections around 
interfaces? – Experimentally: usually bad 

•  Increasing TBC with disorder: The “vibrational 
bridge” and “mass bridge” theories 

•  The case of Al/Si (extensively studied): ion 
implantation – contamination vs. species mixing 

•  Increasing TBC with species mixing of Al, native 
oxide, and Si 

•  Picosecond acoustics for interface characterization	  



“ImperfecLons”	  at	  well	  bonded	  interfaces	  

Review article: Hopkins, ISRN Mechanical Engineering 2013 682586 (2013) 
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Cross-sectional TEM was implemented to further char-
acterize the roughnesses and quality of the interfaces post
aluminum thin film deposition. Micrographs of samples I
and IV at two different magnifications are shown in Fig. 1.
The micrographs indicate that regardless of roughness, an
approximately 1.75 nm thick conformal oxide layer covers
the silicon substrates after 24-h exposure to ambient. This
oxide layer prohibits any apparent interdiffusion or composi-
tional mixing of aluminum and silicon at the interface, as
opposed to earlier studies of chromium-silicon interfaces
where Auger electron spectroscopy confirmed a significant
mixing of species within roughly 10 nm of the interface.22 In
addition, the micrographs indicate that the aluminum thin
films exhibit a columnar crystal structure regardless of sub-
strate roughness, and that the crystallinity of the substrate is
undisturbed by the etch. Again, this is contrary to the afore-
mentioned chromium-silicon study, where TEM indicated
the chromium films were amorphous.22

We measured the Kapitza conductance across the four
aluminum-silicon interfaces with TDTR.30,31 TDTR is a
non-contact, pump-probe technique in which a modulated
short pulse laser (full-width half max! 100 fs) is used to cre-
ate a heating event (pump) on the surface of a sample. This
heating event is monitored with a time-delayed probe pulse.
The change in the reflectivity of the probe at the modulation
frequency of the pump is detected through a lock-in ampli-
fier; the change in reflectivity is related to the change in tem-
perature at the sample surface. This temporal thermal
response is then related to the thermophysical properties of
the sample of interest. We monitor the thermoreflectance sig-
nal over 4.5 ns of probe delay time. The deposited energy
takes approximately 100 ps to propagate through the alumi-
num film, after which the response is related to the heat flow
across the aluminum-silicon interface and the thermal effu-
sivity of the silicon substrate. Our specific experimental
setup is described in detail elsewhere.32

We monitor is the ratio of the in-phase to the out-of-
phase voltage recorded by the lock-in amplifier ("Vin/Vout),
which is related to the temperature change on the surface of
the sample. The thermal model and analysis used to predict
the temperature change and subsequent lock-in ratio are
described in detail in references 30, 32, and 33. In short, the
model accounts for heat transfer in composite slabs34 from a
periodic, Gaussian source (pump) convoluted with a Gaus-
sian sampling spot (probe).30,34 The pump is modulated at
11 MHz and the pump and probe 1/e2 radii are 7.5 lm. The
temperature change at the surface is related to the thermal
conductivity and heat capacity of the composite slabs, as

well as the Kapitza conductance between each slab.
Although dominated by the aluminum-silicon Kapitza con-
ductance,32 the TDTR signal is also related to the heat
capacity and thickness of the Al film and the thermal proper-
ties of the silicon substrate (which, due to time delay and
modulation frequency can be taken as semi-infinite in this
work). We first assume bulk values for the properties of the
film and substrate35 and we verify the aluminum film thick-
ness via picosecond acoustics.36,37 We then adjust the ther-
mal conductivity of the substrate during our analysis to
achieve a better fit between the model and the data.3

Figure 2 shows the measured Kaptiza conductance
across the four aluminum-silicon interfaces as a function of
temperature (filled symbols). In addition, we plot the Kapitza
conductance at a nominally flat and oxide-free aluminum-sil-
icon interface as reported in Ref. 38 (open circles). As the
data indicate, even a thin oxide layer at the interface substan-
tially reduces the effective Kapitza conductance (>50%
reduction at room temperature). In addition, these two data
sets demonstrate significantly different temperature depend-
encies, suggesting that the oxide layer inhibits multiple-
phonon scattering events which would otherwise contribute
to Kapitza conductance.6,7 Similarly, comparing the four
data sets of the present study, increased interface roughness
both reduces the magnitude of Kapitza conductance as well
as suppresses its temperature dependence, i.e., Kapitza con-
ductance is less temperature dependent as interface rough-
ness increases.

In addition to the data, several different predictive mod-
els are plotted as well. All models are calculated assuming
that elastic phonon-phonon interactions dominate Kapitza
conductance, i.e., phonons in silicon at frequencies higher
than the maximum phonon frequency of aluminum do not
participate in transport. The diffuse mismatch model39

(DMM) is calculated using an approach we outlined previ-
ously in Ref. 40, where the vibrational properties of film and

TABLE I. Root-mean-square roughnesses and room-temperature Kapitza
conductances of the four Al:Si interfaces studied within this work. The
reported standard deviations represent the repeatability of the measurement,

i.e., the deviation about the mean value of several measurements made on a
single sample.

Sample d (nm) hK @ 300 K (W m"2 K"1)

I <0.1 6 0.0 193 6 18

II 0.6 6 0.3 182 6 15

III 6.5 6 2.3 131 6 13

IV 11.4 6 3.1 90 6 13

FIG. 1. Cross sectional TEM micrographs of samples I (a and c) and IV (b
and d) Al:Si interfaces at two different magnifications. The micrographs
indicate show that regardless of roughness, a! 1.75 nm conformal oxide
layer covers the Si substrates after 24 h exposure to ambient. This oxide
layer prohibits any noticeable interdiffusion or compositional mixing of spe-
cies near the interface. Lastly, the evaporated Al thin film exhibits a colum-
nar crystal structure regardless of substrate surface roughness, while the
crystallinity of the substrate is undisturbed.
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“Bridging”	  two	  solids	  to	  increase	  TBC	  

Example: English et al., Phys. Rev. B 85, 035438 (2012) 

Previous computational works have demonstrated adding 
material can INCREASE TBC  

(ADDING material can DECREASE resistance) 
TIMOTHY S. ENGLISH et al. PHYSICAL REVIEW B 85, 035438 (2012)

FIG. 12. (Color online) Computational domains showing the low,
medium, and high levels of disorder for both the 2- and 8-UC-thick
interfacial films in comparison to the sharp interface structure.

To ensure that each interface structure was evaluated in
a self-consistent manner, the same arrangement of atoms in
the compositionally disordered regions was used for varying
thicknesses of the interfacial film for a given degree of
order. The parametric study described previously was repeated
for these compositionally disordered domains, and three
independent simulations were performed across the parametric
study to assess the repeatability of results.

A. Low temperature (10% of melt temperature)

Results at 0.1 Tm show a stronger degree of hBD enhance-
ment in both the low and medium disorder cases in comparison
to the sharp interface results in Sec. IV. The greatest degree
of enhancement is found in the medium disorder case which
approaches 53% for the 2-UC-thick interfacial film over the
baseline interface, which is an additional 30% improvement
over the comparable sharp interface. The 4- and 6-UC
interfacial films show similar enhancement of !50% in the
case of an 80 amu film mass. These results are summarized
in Fig. 13 for the case of a 6-UC-thick interfacial film. The
results for other film thicknesses are tabulated in Table III in
the Appendix.

The highly disordered interface does not improve upon
its sharp counterpart, but does not reduce hBD significantly
either. In comparison to these less aggressive levels of disorder,
the high-disorder case creates a more abrupt transition in
atomic composition, which has been shown experimentally
to result in comparatively lower hBD values.49 Accordingly,
this abrupt transition region more heavily scatters phonons
near the boundary of the compositionally disordered region.

These results may be interpreted by considering the
difference in phonon scattering between the sharp and com-
positionally disordered interfaces. In the case of an ideal,

TABLE II. Compositional disorder modeling parameters.

Disorder ! " (UC) Percent misplaced atoms

low 0.2 2 0.8%
medium 0.5 2 5.5%
high 0.5 3 9.3%

FIG. 13. (Color online) Interface conductance values as a func-
tion of interfacial film mass for the three disordered interfaces are
plotted along with the comparable sharp interface at 0.1 Tm. Error bars
represent one standard deviation of three independent simulations.

sharp, and vibrationally mismatched interface, phonons that
exist above the lower cutoff frequency of the two materials, if
they are to propagate across the interface, must scatter across
the interface plane. Conversely, a mixing region provides an
added volume for phonon frequency up- or down-conversion
in which phonons scatter during diffusive thermal transport,
and in doing so, access intermediary vibrational frequencies,
which bridge the phonon DOS of the two materials comprising
the interface. This phenomena is shown in Fig. 14, which plots
the monolayer-resolved occupied DOS in the z direction for a
medium-disordered A:C interface. Compared to the baseline
interface, the medium level of disorder adds substantially
to the overlap in DOS as shown by the hatched region. It
is apparent that at 0.1 Tm, while disorder may improve the
enhancement, the spatial extent and severity of compositional
disorder determines the ultimate change in hBD. Therefore
we conclude that the presence of compositional disorder at
an interface does not imply a deterministic change in hBD,
and that the specific characteristics of the disordered regions
determine any impact on hBD.

B. High temperature (50% of melting temperature)

At 0.5 Tm, the interfacial film tends to produce a reduction in
hBD. The general reduction in hBD is attributed to the reduction
in k and the phonon MFP as was discussed in Sec. IV B for the
case of the sharp interface at 0.5 Tm. The mixing layer with
bridging vibrational properties cannot be utilized as efficiently
because the limiting factor, as in the case of the sharp film
at 0.5 Tm, becomes the shorter intrinsic MFP and limited
thermal conductivity. Additionally, preliminary simulations
of the low-disorder case produced hBD values, which were
statistically indistinguishable from the sharp counterpart due
to larger uncertainties at higher temperatures. As a result, no
further simulations of the low-disorder case at 0.5 Tm were
completed. The results of the 0.5 Tm study are tabulated in
Table IV in the Appendix.
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thicknesses of the interfacial film for a given degree of
order. The parametric study described previously was repeated
for these compositionally disordered domains, and three
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study to assess the repeatability of results.
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this abrupt transition region more heavily scatters phonons
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These results may be interpreted by considering the
difference in phonon scattering between the sharp and com-
positionally disordered interfaces. In the case of an ideal,

TABLE II. Compositional disorder modeling parameters.

Disorder ! " (UC) Percent misplaced atoms
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high 0.5 3 9.3%

FIG. 13. (Color online) Interface conductance values as a func-
tion of interfacial film mass for the three disordered interfaces are
plotted along with the comparable sharp interface at 0.1 Tm. Error bars
represent one standard deviation of three independent simulations.

sharp, and vibrationally mismatched interface, phonons that
exist above the lower cutoff frequency of the two materials, if
they are to propagate across the interface, must scatter across
the interface plane. Conversely, a mixing region provides an
added volume for phonon frequency up- or down-conversion
in which phonons scatter during diffusive thermal transport,
and in doing so, access intermediary vibrational frequencies,
which bridge the phonon DOS of the two materials comprising
the interface. This phenomena is shown in Fig. 14, which plots
the monolayer-resolved occupied DOS in the z direction for a
medium-disordered A:C interface. Compared to the baseline
interface, the medium level of disorder adds substantially
to the overlap in DOS as shown by the hatched region. It
is apparent that at 0.1 Tm, while disorder may improve the
enhancement, the spatial extent and severity of compositional
disorder determines the ultimate change in hBD. Therefore
we conclude that the presence of compositional disorder at
an interface does not imply a deterministic change in hBD,
and that the specific characteristics of the disordered regions
determine any impact on hBD.

B. High temperature (50% of melting temperature)

At 0.5 Tm, the interfacial film tends to produce a reduction in
hBD. The general reduction in hBD is attributed to the reduction
in k and the phonon MFP as was discussed in Sec. IV B for the
case of the sharp interface at 0.5 Tm. The mixing layer with
bridging vibrational properties cannot be utilized as efficiently
because the limiting factor, as in the case of the sharp film
at 0.5 Tm, becomes the shorter intrinsic MFP and limited
thermal conductivity. Additionally, preliminary simulations
of the low-disorder case produced hBD values, which were
statistically indistinguishable from the sharp counterpart due
to larger uncertainties at higher temperatures. As a result, no
further simulations of the low-disorder case at 0.5 Tm were
completed. The results of the 0.5 Tm study are tabulated in
Table IV in the Appendix.

035438-10

Some additional computational works showing this effect 
Liang and Tsai, J. Phys.: Cond. Mat. 23, 495303 (2011) 

Tian et al., Phys. Rev. B 86, 235304 (2012) 
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Experimental	  test:	  alloyed	  interface	  
Bridge two materials with crystalline 50/50 alloy 

Measure TBC across CaTiO3/Sr0.5Ca0.5TiO3/SrTiO3 with TDTR 

•  Adding alloy does not affect conductance/resistance 
•  Interesting….but still not seeing the increase 
•  Could be due to interface being too “sharp” (English et al, 2012) 
•  Grown epitaxially and low conductivity so hard to resolve 
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“Bridging”	  two	  solids	  to	  increase	  TBC	  

Duda et al., J. Appl. Phys. 112, 073519 (2012) 

How do impurities affect this phenomenon?   
Could this be an easier avenue to experimentally test? 

Consider interface of two solids with masses 40 and 120 amu 

•  Bridging vibrational states can increase TBC 
•  More increase if interface is not “sharp” (English, 2012) 
•  Mass impurities increase this phenomenon in certain cases (Duda, 2012) standard deviation increases with increasing temperature due

to the fact that our calculations are less sensitive to Kapitza
conductance with increasing temperature (the temperature
drop at the interface associated with Kapitza conductance
decreases, while the temperature drops across the leads
increases). Kapitza conductances at the interfaces contained
within samples B through G (impurity distribution and mass
series) were calculated as a function of temperature from
11 K to 50 K, and the conductances at the interfaces in sam-
ples H and I (bond series) were calculated at a fixed tempera-
ture of 30 K.

A. Influence of impurity distribution

The effects of the concentration and distribution of light
impurities (mi ! 10 amu) are shown in Fig. 1. When compar-
ing the results from samples B, C, and D, it is clear that
Kapitza conductance decreases with increasing impurity con-
centration; as in earlier works, increased interfacial disorder
leads to lower realized values of Kapitza conductance, as
well as a diminished temperature dependence.9,13,15,16,18,19

However, these data also show that the relationship between
impurity concentration and the effective reduction in Kapitza
conductance is non-linear; that is, doubling the number of
impurities does not double the realized reduction in Kapitza
conductance, which can be seen by comparing the difference
in Kapitza conductance between B and C to the difference
between C and D. This is consistent with the behavior
observed in SiGe alloys, where increasing Ge concentration
had a diminishing effect in terms of yielding lower values of
thermal conductivity.44,45 However, in our earlier work in
which substrates were chemically etched to vary interface
roughness (i.e., interface disorder) we observed the opposite
behavior, where relative reductions in Kapitza conductance
increased with increasing disorder.19 Thus, taken collec-
tively, these works serve to distinguish the effects of com-
positional and structural disorder. While both can be
exploited to tune interfacial transport, the behavior of each
is distinct.

B. Influence of impurity mass

The effect of impurity mass for a fixed distribution is
shown in Fig. 2. Both light and heavy impurities (samples B
and G, or mi ! 10 amu and 150 amu, respectively) reduce
conductance from the baseline values, albeit this reduction is
not symmetric with impurity mass. Conventional forms of
the phonon-impurity scattering rate are of the form
s"1

i / ##mhost " mi$=mhost$2. Thus, in a medium where the
average atomic mass is 80 amu, 10 amu, and 150 amu impur-
ities would behave identically.36,37 While this form of pho-
non scattering can hold in the context of thermal
conductivity, the fact that it does not hold at an interface sug-
gests other mechanisms are, in part, responsible for the
observed behavior. Also shown in Fig. 2 is that when mi falls
between mA and mB (sample F, or mi ! 80 amu), conduct-
ance increases, or, in other words, increased interfacial disor-
der increases the efficiency of thermal transport.

To further explore the mechanisms responsible for this
observed behavior, we have calculated the local phonon
DOS of each atom within the monolayers immediately ad-
jacent to the interface. The DOS is proportional to the Fou-
rier transform (F) of the velocity auto-correlation function
(VACF)40 but in practice is calculated using standard esti-
mation procedures for power spectral density. For each
atom, the velocity is obtained at each integration time step
to give a velocity fluctuation time series of 73 728 points.
The Welch method of power spectral density estimation is
then applied by creating eight 50% overlapping segments
of 16 384 points to give an angular frequency resolution of
8:96% 1010 rad s"1 based on our time step of 4.28 fs. Each
segment is then multiplied by a Hamming window and the
fast Fourier transform is computed. The power spectral den-
sity, equivalent to F#VACF$, is then obtained by ensemble
averaging the Fourier transform magnitudes of each seg-
ment. In order to compute the DOS in units of counts per
frequency per volume, F#VACF$ must be further normal-
ized by the atomic mass, local temperature, and atomic
density.28

The phonon density of states of materials A and B, as
well as those of 10, 80, and 150 amu impurities immediately
adjacent to the interface (in samples B, F, and G, respec-
tively) calculated at 11 K are plotted in Fig. 3(a). The pri-
mary spectral overlap between A and B falls between 5 and
7 Trad s"1. While both the 80 and 150 amu impurities exhibit
spectral overlap within this range, the vibrational spectrum
of the 10 amu impurity is largely outside the spectra of both
materials A and B, thus providing insight as to why the
10 amu impurities produce lower realized values of Kapitza
conductance as compared to 150 amu impurities. Again,
according to Klemens theory,36,37 the strength of impurity
scattering is proportional ##mhost " mi$=mhost$2, which would
suggest that the effects of 10 amu and 150 amu impurities
should be the same. However, at an interface, where phonon
scattering is not only dictated by a difference in absolute
mass but also the overlap of phonon spectra, this does not
hold. To further illustrate this point, we define the spectral
overlap29 between material A, an impurity atom, and mate-
rial B as

FIG. 2. The effect of variable impurity mass on Kapitza conductance as a
function of temperature. When mi falls outside the range between mA and
mB, Kapitza conductances are lower than that at the reference interface,
while conductances increase when mi falls between mA and mB.

073519-3 Duda et al. J. Appl. Phys. 112, 073519 (2012)

IA:i:B!x" # DA!x"Di!x"DB!x"; (1)

where Di!x" is the density of states of one of the three impu-
rity atoms; this spectral overlap is plotted in Fig. 3(b). As is
evident in the figure, while the overlap “width” of the 80 and
the 150 amu impurities is similar, the area under the curve
associated with the 80 amu impurity is larger (by $ 30%). In
addition, the A : 80 amu : B overlap is centered about the in-
herent vibrational overlap between materials A and B, thus
indicating that the 80 amu impurities can serve to act as a
“vibrational bridge” by creating a region of graded vibra-
tional properties near the interface. However, this result is
unique compared to earlier work in which a confined thin
film at the interface served to grade the vibrational properties
insofar as impurities enhance conductance at elevated tem-
peratures, whereas the confined films only enhanced con-
ductance at low temperatures ($10% of the melt
temperature, which in the present system is <10 K).22

C. Influence of impurity bond

Impurity atoms can differ not only in terms of atomic
mass but also in terms of their bond characteristics, e.g.,
strength and radius. In a Lennard-Jones system, these charac-
teristics are dictated by the energy and length parameters, e
and r. In a dislocation free system, a change in either e or r

will have a similar effect insofar as it will change the intera-
tomic force constant, K # @2U=@r2. Thus, in order to assess
the influence of the impurity bond characteristics, we chose
to vary the Lennard-Jones energy parameter of 10 amu
impurities, ei, by 625%, while leaving r fixed (by keeping
bond radius fixed, the coherent nature of the interfaces could
be preserved). Lorentz-Berthelot mixing rules were applied
for interactions between impurity and host atoms,
eij #

!!!!!!!eiej
p

, and Kapitza conductance was calculated at a
fixed temperature of 30 K. As noted in Table I, changing ei

by as much as 625% led to no statistically significant change
in Kapitza conductance, indicating for this combination of
parameters, the mass of the impurity atoms plays the domi-
nant role as compared to the impurity bond characteristics.
This is consistent with earlier molecular dynamics studies of
the thermal conductivity of SiGe alloys, where treating Ge
atoms like heavy Si isotopes (ignoring differences in bond
strength) did not distort results.38

IV. CONCLUSION

In summary, we have investigated the influence of sub-
stitutional impurities on Kapitza conductance at coherent
type interfaces via non-equilibrium molecular dynamics sim-
ulations. It has been shown that the presence of impurities at
an interface can either increase or reduce the Kapitza con-
ductance at an interface depending on the relative match or
mismatch between the vibrational spectra of the materials
comprising the interface and that of the impurities. These
results suggest that at solid-solid interfaces between lattice-
matched materials, e.g., AlAs:GaAs, compositional diffusiv-
ity (disorder) via either doping or alloying could enhance
thermal transport.
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FIG. 3. The phonon density of states of materials A and B (shaded regions),
as well as that of 10, 80, and 150 amu impurities immediately adjacent to the
interface in samples B, F, and G (dotted, solid, and dotted–dashed lines,
respectively) are shown in (a). The primary spectral overlap between A and
B falls between 5 and 7 Trad s%1. While both the 80 and 150 amu impurities
exhibit some spectral overlap within this range, the vibrational spectrum of
the 10 amu impurity is largely outside the spectra of both materials A and B.
In (b), the spectral overlap as defined by Eq. (1) is plotted for the three dif-
ferent combinations of A:i:B.
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The	  Al/naLve	  oxide/Si	  interface	  
Al reacts strongly with native oxide to make Al rich oxide region 

Al and Si have similar masses 
fdsa 

Work our way backwards….. 
Oxide layer inhibits TBC, so let’s make average mass in oxide layer 

(interfacial impurities) closer to that of Al and Si  
 

3 nm 
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Ion	  implantaLon	  of	  silicon:	  samples	  
•  Series I: no processing to silicon 
•  Series II: alcohol clean silicon prior to Al 
•  Series III: various proton exposure and alcohol clean prior to Al 
•  Series IV: various proton exposure and O2 plasma clean prior to Al 

“Low Dose”  
1014 protons/cm-2 

“H
igh D

ose”  
10

16 protons/cm
-2 

•  Sandia IBL’s 350 keV HVEE implanter 
•  200 keV protons 
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•  TBC data taken with TDTR 
•  O2 plasma removes carbon 
•  Interface layer thickness increases 

from “no irradiation” condition 
•  TBC increases with ion dose when 

carbon layer removed 



What’s	  happening	  at	  interface?	  

•  Irradiation increases mixing 
layer thickness 

•  Al reacts strongly with oxide 
(increase in Al and O signature 
at same location) 

No irradiation 1014 cm-2 1016 cm-2 

•  Compositional gradient 
becomes “less sharp” with 
more ion implantation 

REMINDER: Al deposited AFTER implantation 
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•  Irradiation leads to more 
compositional mixing compared to 
“as received” 

 
•  Increase proton dose does not 

increase layer thickness, but O2 
plasma does 

 
•  Increase dose leads to “less sharp” 

interface (follows English, 2012) 

•  Irradiation decreases average 
impurity mass in interface layer 
(increases Al and Si % in layer), 
making masses closer to Al and Si 
(follows Duda, 2012) 



Picosecond	  acousLcs:	  further	  characterizaLon	  of	  interface	   5

-5 0 5 10 15 20 25 30 35 40
0

20

40

60

80

100

120

140

      Irradiated
(O

2
 plasma clean)

Irradiated

     Control
(alcohol clean)

    Control
(as received)

Cleaned substrate
surface with mixed
native SiO

2
 and Si

 Contamination
from irradiation
   (soft layer)

 As received
contamination
  (soft layer)

 

 

In
 p

ha
se

 si
gn

al
 (µ

V
)

Pump-probe delay time (ps)

Substrate

FIG. 3. TDTR data focused on the region of the data sets from which
picosecond acoustics are monitored to lend insight into the interfacial
quality and compositional changes from the different surface treat-
ments (offset for clarity from...). At the Al/Si interface, a negative
then positive peak is expected due to a strain reflection from the Al
off of the native oxide layer and then the Si substrate. A negative
trough corresponds to an acoustically softer layer than the Si, orig-
inating either from either the native oxide, contamination on the as
received sample (open triangles), or from not removing carbon build
up from the irradiation process (filled circles). Note this negative
trough is diminished with an alcohol clean on the as received sam-
ple (filled triangles), but still observable consistent with the presence
of a native oxide. At the O2 plasma cleaned and irradiated interface
(filled squares), the amplitude of the strain wave reflection is dimin-
ished, which we attribute to a smearing of the native oxide layer and
an acoustic impedance of the mixing layer that is close to that of Al
and Si.

carbon layer with an O2 plasma treatment results in a drastic
reduction of the picosecond acoustic response. This is not ob-
served at the “contaminant-free” Al/Si interface with a abrupt
oxide (“Control (alcohol clean)”). Referring to our previous
discussion of the ion irradiated interfaces, an increase in ion
irradiation leads to a smearing of the oxide layer between the

Al and Si, resulting in an interface with an acoustic impedance
that is closer to both Al and Si. The “smeared” oxide layer
that is a spatial mixture of Al, Si, and oxygen results in an
interfacial region with an acoustic impedance that is closer to
Al and Si as compared to an oxide compound (for example,
ZAl > ZSiO2 < ZSi). This is consistent with the observations
in Ref. 63. These picosecond acoustic data give further evi-
dence of the origin of the increase in thermal boundary con-
ductance: a grading of the composition across the Al/oxide/Si
interface leads to an increase in thermal boundary conduc-
tance due to a grading of masses and acoustic properties.

In summary, we have demonstrated the ability to increase
the thermal boundary conductance between two solids by in-
troducing compositional diffusion and structural disorder. We
found that by decreasing the gradient of acoustic impedances
across an interfacial region, the thermal boundary conduc-
tance can increase even though the spatial extent of compo-
sitional and structural disorder increases. Although this result
is counterintuitive in terms of the traditional view of phonon-
impurity scattering in homogeneous crystals, this result is
consistent with recent computational studies on the effect of
mass impurities around interfaces of two solids by creating
a “bridge” of mass and vibrational properties. We experi-
mentally establish criteria for increasing the thermal boundary
conductance at solid interfaces based on bridging the acoustic
impedances of the materials comprising the interface, which
we further confirm with picosecond acoustic analyses. These
results offer experimentally establish a previously unrealized
phenomenon of phonon scattering in condensed matter.
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picosecond acoustics are monitored to lend insight into the interfacial
quality and compositional changes from the different surface treat-
ments (offset for clarity from...). At the Al/Si interface, a negative
then positive peak is expected due to a strain reflection from the Al
off of the native oxide layer and then the Si substrate. A negative
trough corresponds to an acoustically softer layer than the Si, orig-
inating either from either the native oxide, contamination on the as
received sample (open triangles), or from not removing carbon build
up from the irradiation process (filled circles). Note this negative
trough is diminished with an alcohol clean on the as received sam-
ple (filled triangles), but still observable consistent with the presence
of a native oxide. At the O2 plasma cleaned and irradiated interface
(filled squares), the amplitude of the strain wave reflection is dimin-
ished, which we attribute to a smearing of the native oxide layer and
an acoustic impedance of the mixing layer that is close to that of Al
and Si.

carbon layer with an O2 plasma treatment results in a drastic
reduction of the picosecond acoustic response. This is not ob-
served at the “contaminant-free” Al/Si interface with a abrupt
oxide (“Control (alcohol clean)”). Referring to our previous
discussion of the ion irradiated interfaces, an increase in ion
irradiation leads to a smearing of the oxide layer between the

Al and Si, resulting in an interface with an acoustic impedance
that is closer to both Al and Si. The “smeared” oxide layer
that is a spatial mixture of Al, Si, and oxygen results in an
interfacial region with an acoustic impedance that is closer to
Al and Si as compared to an oxide compound (for example,
ZAl > ZSiO2 < ZSi). This is consistent with the observations
in Ref. 63. These picosecond acoustic data give further evi-
dence of the origin of the increase in thermal boundary con-
ductance: a grading of the composition across the Al/oxide/Si
interface leads to an increase in thermal boundary conduc-
tance due to a grading of masses and acoustic properties.

In summary, we have demonstrated the ability to increase
the thermal boundary conductance between two solids by in-
troducing compositional diffusion and structural disorder. We
found that by decreasing the gradient of acoustic impedances
across an interfacial region, the thermal boundary conduc-
tance can increase even though the spatial extent of compo-
sitional and structural disorder increases. Although this result
is counterintuitive in terms of the traditional view of phonon-
impurity scattering in homogeneous crystals, this result is
consistent with recent computational studies on the effect of
mass impurities around interfaces of two solids by creating
a “bridge” of mass and vibrational properties. We experi-
mentally establish criteria for increasing the thermal boundary
conductance at solid interfaces based on bridging the acoustic
impedances of the materials comprising the interface, which
we further confirm with picosecond acoustic analyses. These
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phenomenon of phonon scattering in condensed matter.
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Conclusions	  and	  summary	  
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We have experimentally demonstrated 
that disorder can increase the thermal 
boundary conductance between Al/Si 


