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We measure the thermal boundary conductance across Al/Si and Al/Al,O5 interfaces that are
subjected to varying doses of proton ion implantation with time domain thermoreflectance. The
proton irradiation creates a major reduction in the thermal boundary conductance that is much
greater than the corresponding decrease in the thermal conductivities of both the Si and Al,O3
substrates into which the ions were implanted. Specifically, the thermal boundary conductances
decrease by over an order of magnitude, indicating that proton irradiation presents a unique method
to systematically decrease the thermal boundary conductance at solid interfaces. © 2011 American

Institute of Physics. [d0i:10.1063/1.3592822]

The thermal transport across solid interfaces is a major
inhibitor of heat flow in nanosystems.] Due to this fact,
significant effort has focused on measurements to quantify
and accompanying theory to describe thermal transmission
across these boundaries. Most often, it is assumed that the
solid interfaces are comprised of a perfectly abrupt or “flat”
junction between two materials (see Refs. 1 and 2 for exten-
sive reviews), whereas transport across nonideal interfaces
are much less frequently considered. Despite this fact, sev-
eral investigations have clearly shown that transport can be
highly sensitive to the condition, or “flatness,” of these junc-
tions. For example, Swartz and Poh!® measured the thermal
boundary conductance, hy, across metallized sapphire inter-
faces with various degrees of surface damage, showing that
surface damage affects hg even at low temperature where
phonon wavelengths are relatively long. Gundrum et al’
came to this same conclusion for metal-metal interfaces by
ion-bombarding the interfaces, showing that electron—
electron interfacial scattering can be modified by the Kr
dose. Hopkins et al.’ measured hg across a series of Cr/Si
interfaces with varying degrees of elemental mixing at the
boundary finding that both electron—phonon scattering and
phonon—phonon scattering in a so-called mixing region of Cr
and Si caused a decrease in hy. 6 Recently, Collins and Chen’
found that the chemistry at diamond surfaces can affect hy
across Al/diamond interfaces and Hopkins et al.® found that
rms roughness at Si interfaces causes variations in /g across
Al/Si interfaces. From these studies, further investigation
then seems warranted into “how” the imperfections around
an interface influence hy.

In response, we measure the thermal transport across
Al/Si and Al/Al,Oj5 interfaces for a series of substrates that
have been subjected to varying doses of proton implantation.
After irradiation, we deposit Al films on the wafers and mea-
sure the thermal conductance across the interfaces with time
domain thermoreflectance (TDTR). We find that the proton
irradiation creates a major reduction in the thermal boundary
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conductance. Specifically, the thermal boundary conduc-
tances decrease by over an order of magnitude, indicating
that proton irradiation presents a unique method to system-
atically decrease the thermal boundary conductance at solid
interfaces. Furthermore, by examining the varying degree to
which Ay is reduced for each of the systems, the physical
mechanisms driving this behavior are identified. This gives
insight into the manner by which imperfections influence
interfacial thermal transport.

To prepare the various interfaces, we implant four Si
(001) and four Al,O3 (0001) samples with 300 keV protons
at 1.2 uA using a 400 keV implanter at the ion beam labo-
ratory at Sandia National Laboratories in Albuquerque, NM.
Areas of 0.36 cm? were implanted in a vacuum better than
1077 Torr and at a dose rate of 5.79 X 10" ions cm=2 s~! for
times ranging from 10 to 10 000 s. The end of range of the
protons were calculated using stopping and range of ions in
matter (SRIM) to be 3.02 wm with a scattering of 0.18 um
in Si and 1.7 um with a scatter of 0.1 um in the sapphilre.9
Based on these irradiation conditions, the total displacements
per atom (dpa) was calculated to range from 7.19X 107 to
7.19 X 1072 for the Si samples and between 3.56 X 1076
3.56 X 107 for the Al,O5 samples, depending on the irradia-
tion time."” For equivalent irradiation times, the total dpa in
Si was always calculated to be a factor of 2.02 greater than
the total dpa in Al,O5 (i.e., for any irradiation exposure time,
dpasl/dpaAl o, =2.02). Although some damage occurs
throughout the irradiated region, the majority of the damage
will be present in a band approximately the thickness of the
straggle region centered on the end of ramge.11 After ion im-
plantation, we deposit 90 nm of Al on each of the samples.
We also deposit 90 nm of Al on portions of the same Si and
Al,O, wafers that were not subjected to ion implantation (“as
received”).

We measure hg at the Al/Si and Al/Al,O5 interfaces
with TDTR; typical experimental descriptions of TDTR and
details of the thermal and lock-in analyses for thin-film sys-
tems are described elsewhere.'>"*We modulate the pump
path at 11 MHz and monitor the ratio of the real to imaginary
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FIG. 1. (Color online) (a) Example of model fit to TDTR data on the as received Al/Si sample, and the Al/Si sample in which the Si substrate was subjected
to ion dose of 5.79 X 10"7 protons cm™. In the proton irradiated case, the model achieves a best fit to the data by only adjusting hx. Adjusting « results in a
poor fit. (b) Sensitivity of the best fit model on the proton irradiated data in (a) to a £25% change in « or hg.

signal of the probe beam (-V;,/V,,) locked into the pump
frequency. For our analysis, we use bulk literature values for
the heat capacity of each layer.15 We estimate the reduced
thermal conductivity of the Al transducer layer from electri-
cal resistivity measurements on the Al film," although over
the time domain of interest in this study, the TDTR analysis
is minimally sensitive to the reduction in thermal conductiv-
ity of the Al film. We Verify the thickness of the Al film with
picosecond ultrasonics. 161

We fit our TDTR thermal model to the experimental data
adjusting both the thermal boundary conductance, hg, and
the substrate thermal conductivity, . The measured thermal
conductivities of the as received samples are within 10%
of the literature values for bulk Si and Al,O;. An example
of the model fit to the data on the Al/Si as received sample
is shown in Fig. 1(a). The thermal boundary conductances
of as received samples are hg=200 MW m~2K~! and
310 MW m~2 K~! for the Al/Si and Al/Al,O5 interfaces, re-
spectively. These values are sli%htly higher than previous
values reported in the literature, > 2 which could be due to
processing conditions, surface preparation, and substrate
quality.s’7’8’21 Our values for g at the Al/Al,O5 as received
interface is in good agreement with calculations of the dif-
fuse mismatch model (DMM),”* where the DMM slightly
over predicts the measurements at the Al/Si as received in-
terface. We calculate the DMM for the Al/Si and Al/Al,O4
interfaces as 250 MW m=2 K~! and 305 MW m~2 K~!, re-
spectively, using the procedure outlined by Duda et al?
We include optical phonons in these DMM calculations
and we assume only two phonon elastic scattering at the
interface.”** On the ion irradiated samples, we find that only
adjusting hg and leaving « constant at the value of the as
received samples yields a best fit between the model and the
data, as seen in Fig. 1(a). In the case where we leave the hy
constant at the value of the as received samples and adjust «,
the “best fit” between the model and the data is much worse
than when adjusting /g, as also plotted in Fig. 1(a). This
suggests that the reduction in hg between the Al and sub-
strate is much more than the reduction in « in the probed
region of the substrate due to the proton implantation. Since
we probe only a small depth into the substrate at these modu-

lation frequencies, our TDTR measurements are insensitive
to the damage to the crystals at the end of range. Therefore,
the effects of this damage on thermal transport is much
greater at the substrate surface (i.e., the interface) than in the
region between the end of range and the surface. To explore
this interfacial phenomenon in more detail, we plot the ion
irradiated data in Fig. 1(b) with various thermal models. The
best fit model using the parameters from Fig. 1(a) is in-
cluded, along with model calculations when perturbing both
hy and k by =25%. A change in « of 25% causes a minimal
change in the TDTR signal as compared to a 25% change in
hg. This further shows that the proton implantation has the
largest effect on thermal transport on the surface of the sub-
strate, which, after Al film evaporation, manifests itself as a
decrease in the Al/substrate thermal boundary conductance.

Figure 2 shows the thermal boundary conductance at the
Al/Si and Al/Al,O5 interfaces as a function of proton
dose. When subjected to the highest proton dose (5.79
X 10" protons cm~2), we observe an order of magnitude de-
crease in thermal boundary conductance in both material sys-
tems compared against the as received samples. Note that
upon low doses of ion irradiation, the thermal boundary con-
ductances exhibit a sharp decrease that does not follow the
trend in dose. We irradiate the substrates before Al evapora-
tion. Therefore, we expect the proton irradiation to only af-
fect the substrate surface; i.e., we do not expect the irradia-
tion to promote additional film/substrate mixing around the
interface. The protons will, therefore, modify the surface,
disrupting bonds and roughening the surface prior to Al
evaporation. With any distribution of the energy, which
would occur from any level of implantation, we expect the
thermal boundary conductance to decrease by some amount
Shg solely based on the modification of the bonds near the
surface. As the dose is increased, the physical disruption of
atomic positions in the irradiation depth will increase, caus-
ing an increase in structure and surface roughness on the
substrate surface prior to film deposition. Therefore, upon Al
film deposition, rougher interfaces between the Al and the Si
or Al,O5 are created with increased proton dose, F. Note, we
refer to substrate roughness as not only physical variations
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FIG. 2. (Color online) Thermal boundary conductance at the Al/Si and
Al/AlL,O; interfaces as a function of proton dose. When subjected to the
highest proton dose (5.79 X 10'7 protons cm™2), we observe an order of
magnitude decrease in thermal boundary conductance in both material sys-
tems compared against the as received samples. The sharp decreases in /g
from the as received samples to the lowest ion implanted samples is due to
bond breaking from the proton irradiation, quantified as Shy in Eq. (1). The
dependence in Ay on proton dose, which is related to the atomic displace-
ment and thereby near-surface morphology, is quantified by 3. Each data
point represents the average from 5 TDTR data sets taken at different loca-
tions on the sample. The standard deviation due to variations at different
parts of the sample is, for the most part, smaller than the data point, repre-
senting a very small uncertainty due to differences on the sample surface. To
quantify a major source of uncertainty in the measurement, we show error
bars due to 5% variations in Al film thickness.

on the surface but also damage of the substrate very near to
the interface in a region much less than the substrate volume
sampled in TDTR. Therefore, we ascribe the decrease in Ay
due to ion bombardment to be due to two mechanisms: sur-
face features (e.g., rms roughness of the substrate surface)
and near-surface damage. Note that we have studied the ef-
fects of surface features on Ay at Al/Si interfaces previously,8
and this alone cannot explain the observed reduction in Ay
due to proton implantation.

Following Gundrum et al* we expect the roughness at
the interface to be proportional to VF, and therefore, the
measured thermal boundary conductance as a function of
proton dose is given by

—
1 1 VF

= +
hK,ion hKO - 5hK B

where hy, is thermal boundary conductance of the as re-
ceived sample and S is a constant related to the materials that
are affected by the implantation.* We fit Eq. (1) to the ex-
perimental data, as shown in Fig. 2. dhg in Al,Oj is a factor
of 2.35 larger than Shy in Si (i.e., 5hK’A]203/ Ohy 5;=2.35). As
we discussed, ohy is related to tearing of the bonds at the
surface of the substrate. Therefore, we expect the difference
in dhg in the two materials to be related to the differences in
the bulk moduli. The bulk moduli of Al,O3 and Si are 240
GPa and 101.97 GPa, respectively.26 The ratio of these
moduli are 2.35, in remarkable agreement with
Shy ALO,/ Ohy 5;=2.35. This indicates that the sharp decrease
in hy at the low proton doses is due to breaking of the atomic
bonds near the substrate surface from proton bombardment.

The increase in subsurface roughness and dependence of
hg on proton dose, which is quantified with 8 in Eq. (1), is

, (1)

Appl. Phys. Lett. 98, 231901 (2011)

related to the total atomic displacement induced by the irra-
diation. 8 in Si is a factor of 2.12 higher than that in Al,O4
(i.e., Bsi/ ,8A1203=2.12). Although number of displaced atoms
in each substrate (dpa) is dependent on proton dose, the ratio
of Si dpa Al,O3 dpa in our study is constant at 2.02, as
previously mentioned (i.e., dpag;/ dpaA1203:2.02). This is in
excellent agreement with SBg;/ 8 ALO, determined from the ex-
perimental data in Fig. 2.

In summary, we have investigated the thermal boundary
conductance across Al/Si and Al/Al,Oj5 interfaces that are
subjected to varying doses of proton ion implantation. We
find that even with low levels of proton doses, sharp de-
creases are observed in Ay due to bond breaking and refor-
mation near the interface. Continued increase in irradiation
dosage causes a continued decrease in A due to atomic dis-
placement considerations. Thermal conductance at imperfect
interfaces is then influenced by not only the mixing inherent
with nonideal intersections but the nature of the bonds mak-
ing up the boundary as well.
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