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Reductions in the thermal conductivity of irradiated silicon governed by displacement damage
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We report on the measured thermal conductivity of silicon irradiated with an array of ions: C2+ , N2+ , Al2+ ,
Si , P2+ , and Ge2+ . Results are analyzed in consideration of ion mass, radius, and induced displacement
damage. Recrystallization of select samples via annealing demonstrates that structural disorder imparted by
incident ions, rather than the ions themselves, drive the reduction in thermal conductivity. This, in turn, is dictated
by the mass of the ion. A generalized model is provided to relate thermal conductivity to displacement damage.
Knowledge of the displacements-per-atom profile can thus be used to predict thermal conductivity reduction for
silicon devices in extreme environments.
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Materials in radiative environments (e.g., nuclear reactors,
spacecraft, research instruments, among others) are subject
to unique forms of damage. While studies on these materials often focus upon microstructure evolution or electronic
properties [1–6], a fundamental understanding of their thermal properties is also of importance. For example, thermal
conductivity decay in electronic devices or in materials used
in reactors can lead to thermal failure [7]. Here we seek to
experimentally demonstrate the influence of ion properties in
the thermal conductivity decay of silicon, the most ubiquitous
semiconductor material in electronic devices. Specifically, we
assess the role of ion mass, radius, and fluence on irradiated
silicon, and experimentally demonstrate a universality in the
thermal conductivity reduction of ion irradiated solids based
on displacements-per-atom (dpa) alone.
Several reports have utilized optical techniques to characterize the effect of ion irradiation on the thermal conductivity
of crystalline silicon [7–12]. The majority of these works
provide insight about modifications to thermal conductivity
attributed to a given ion as a function of ion fluence or concentration. Long-established works on the scattering of phonons
in defected crystals [13,14] assume that the scattering cross
section of a defect is a function of the defect concentration
as well as the relative difference in mass of the impurity and
the localized strain that is induced. The change in strain is
attributed to modifications to the atomic bonding environment
due to the change in nearest neighbor distance that may occur
from a difference in impurity radius [14].
These models work well to predict the change in thermal conductivity that occurs due to diffuse mass impurities
introduced into a crystalline or alloyed system. However,
additional complexities are introduced in the case where impurities are induced through ion irradiation. Incident ions are
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capable of leaving behind significant structural disorder along
their trajectory [15], which degrades the crystallinity of the
host lattice. While isolating independent phonon scattering
mechanisms in irradiated materials can be a challenge, we
devise an experiment which emphasizes the role of particular
ion properties including the ion mass and radius. Here we report on the thermal conductivity of silicon implanted with ions
of elements adjacent to silicon in the periodic table, which
provides an array of masses and radii: C2+ , Al2+ , Si2+ , P2+ ,
and Ge2+ . Implantation with N2+ is performed as well for
additional comparison. For each ion species, the thermal conductivity is measured as a function of fluence. The resultant
trends are analyzed through modeling of the target damage.
Furthermore, the role of implanted ions and the target damage
induced by the ions are contrasted through an annealing and
recrystallization study. Ultimately, a generalized model is produced to estimate thermal conductivity reduction of irradiated
silicon as a function of the number of displacements induced
by the implant, independent of the implant mass or radius.
Prior to sample implantation, stopping range of ions in
matter (SRIM [16,17]) simulations were performed to determine implant depths and relative damage levels for an ion
energy of 3.75 MeV [Figs. 1(a) and 1(b)]. For each ion,
detailed calculations with full damage cascades were performed, which yield trends that correspond to the mass of the
ion species. Lighter ions, such as C+ and N+ produce peak
damage at deeper locations under the surface of the target.
In contrast, heavier ions such as Ge+ produce a shallower
implant, but a greater dpa due to the greater degree of nuclear
stopping experienced by the heavier ions.
Following simulation, undoped single-crystal (100) silicon
wafers were purchased from MTI Corporation and cleaved
into samples approximately 5 × 5 mm2 in area for use as the
target material. The samples were adhered with carbon tape
onto a silicon substrate, and loaded into an implant chamber
pumped to vacuum on the order of 10−7 Torr. Implants were

134306-1

©2021 American Physical Society

ETHAN A. SCOTT et al.

PHYSICAL REVIEW B 104, 134306 (2021)

FIG. 1. SRIM simulations of the dpa profile (a) and ion concentration profile (b) for each ion implanted in a silicon target. The
calculations assume a dose of 1 × 1015 cm−2 .

performed with a 6 MV tandem Van de Graaff accelerator.
The ion beam, incident near-normal to the sample surface,
was rastered to improve the spatial uniformity of the implant.
Nominal fluences of 1 × 1013 to 1 × 1016 cm−2 were applied
for each ion species.
Following the implantation, the samples were solvent
cleaned followed by a 30 min O2 plasma exposure to remove any carbon contamination induced during the implant
procedure [9,18]. Samples were then coated with a nominally
80 nm film of aluminum, via electron beam evaporation, for
use as an optothermal transducer for the time-domain thermoreflectance (TDTR) measurements of thermal conductivity
[19].
Following irradiation, the structure of the silicon was
analyzed via transmission electron microscopy (TEM) and
selected area electron diffraction. A focused ion beam was
used to prepare cross sections for all samples which were
implanted at a nominal dose of 1 × 1015 cm−2 . In short, for all
samples apart from the Ge2+ implant, crystallinity was maintained post-implant. The Ge2+ sample, however, showed no
signs of crystalline diffraction over the depth of the implant,
indicating that the irradiation from the heaviest ion induced
amorphization within the implanted region for doses equal to
or greater than 1 × 1015 cm−2 . Additional material regarding
the TEM analysis is provided in the Supplemental Material
[20].
The thermal conductivity of all samples was measured
with TDTR. Nominal 1/e2 diameters of 17 and 10 μm were
utilized for the focused pump and probe beams at powers of
26 and 5 mW, respectively. The measured ratio of the in-phase
and out-of-phase signals from the lock-in detectors were subsequently analyzed with a multilayer heat diffusion model
[21] for which thermophysical properties such as thermal conductivity can be treated as fit parameters. For the implanted
samples, the 1/e thermal penetration depth (TPD) [22,23]

was found to never exceed 1 μm. For all implanted samples,
this does not approach the end of range. Furthermore, TEM
analysis does not provide evidence of subsurface amorphous
layer formation [24]. As such, the samples are modeled as a
two-layer system consisting of an aluminum transistor atop
a damaged substrate (additional details regarding the TDTR
analysis are provided in the Supplemental Material [20]; see
also Refs. [25,26] therein).
Among all ions, there are reductions in thermal conductivity as the fluence is increased in addition to general reductions
corresponding to the mass of the implanted ion. For example,
Ge2+ produces the highest degree of reduction compared to
lighter ions such as Si2+ or C2+ . There is also an observable
grouping trend among the samples that correspond to the
atomic period of the implanted species. For example, C2+ and
N2+ , ions from period II, display a similar thermal conductivity, as do period III ions, Al2+ , Si2+ , and P2+ .
Atomic displacements induced by implantation as well
as the implanted ions themselves induce phonon scattering
which reduces thermal conductivity. However, the relative
contributions of scattering attributed to these sources can be
difficult to separate when both forms of defects are present.
Amorphous pockets and disordered regions in irradiated silicon have been shown to be stable at room temperature [27,28],
but can diffuse and recrystallize at higher temperatures. Thus,
annealing provides a means of emphasizing the role of massimpurity scattering by recrystallizating the damaged lattice.
The mechanism of recrystallization in radiation-damaged
silicon is solid phase epitaxial regrowth [29–31]. This requires
the target to be sufficiently damaged or amorphized such that
epitaxial regrowth will occur [32]. As the Ge2+ implanted
samples demonstrate the highest degree of amorphization in
addition to the highest concentration of ions in shallower
depths [Fig. 1(b)], a second set of silicon samples were selected for an annealing study. The samples were irradiated
in a similar manner as the original set, then annealed at
high temperature to induce recrystallization. Details regarding
the recrystallization of silicon and the anneal technique used
here are provided in the Supplemental Material [20] (see also
Refs. [33–37] therein).
The thermal conductivity of the second set of Ge2+ implants are shown in Fig. 2(b) for both the as-implanted and
implanted/annealed state. The as-implanted samples trend in
a similar manner to the Ge2+ implants in Fig. 2(a), with a thermal conductivity of less than 5 W m−1 K−1 at the highest dose.
For the sample implanted at a dose of 1 × 1015 cm−2 , a higher
thermal conductivity is measured, however, greater spatial
variance was observed in the thermal conductivity, which
could be attributed to nonuniformity in the implant area. Regardless, the thermal conductivity of all implanted samples
are found to increase to that of the bulk thermal conductivity
following anneal. The bulk-like thermal conductivity of the
implanted/annealed samples demonstrates that the damage
caused by the incident ions, rather than the implanted ions
themselves, drive the reduction in thermal conductivity.
As implants were performed with a consistent ion energy
and fluence, the distinguishing feature between the implants
is the ion species. For each ion there will be a different ion
mass and radius depending upon the atomic properties of the
source element. We therefore consider the role of atomic mass
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FIG. 3. Total energy loss to recoil events as a function of ion
radius (a) and mass (b). The dashed line in (a) shows the average
energy loss for a given atomic period, and in (b) is a linear fit to the
data, which serves as a guide to the eye.
FIG. 2. Measured thermal conductivity as a function of ion
dose for all as-implanted samples (a) as well as Ge2+ asimplanted/annealed (b).

and radius upon the resultant silicon damage through SRIM
modeling of the ion/target interaction. In short, there are two
stopping mechanisms for an ion incident upon a target lattice:
electronic and nuclear stopping [38]. In the initial phases of
interaction, fast-moving ions are primarily slowed by electronic interactions with the target lattice [39,40], that is, the
electrons of the host lattice reduce the energy and momentum
of the incident ions. Electronic stopping often accounts for the
bulk of ion energy dissipation, which produces an excitation
of the host lattice electrons [39] and increases the temperature
of the material [41]. Interaction of the ion and host lattice
nuclei produces damage in the target via the formation of
displacements. If the energy imparted to a lattice atom at rest
is greater than the lattice binding energy, it will be dislodged
from its equilibrium position yielding a displacement [38].
The recoiling atom can also dislodge other atoms at rest. This
process will repeat to produce recoil cascades capable of vacancy formation in addition to amorphization of the material
[12,42].
Thus, we consider the role of the atomic mass and radius in
relation to nuclear energy loss mechanisms. The total energy
loss to recoil events is calculated for each ion via SRIM
simulation, shown in Fig. 3 as a function of atomic radius (a)
and mass (b). The atomic radius for an ion implanted within a
crystal is not well defined. However, for a qualitative analysis

of the role of atomic radii, we consider the radii for each ion
as calculated through minimal-basis-set self-consistent-field
(SCF) functions [43].
Several trends emerge when the energy loss to recoils is
plotted as a function of atomic radius [Fig. 3(a)]. There is a
general increase in energy loss to recoils as the atomic radius
increases; Ge2+ loses more energy to recoils than C2+ , for
example. However, for the ions observed here, within a given
atomic period, there is negligible correlation of atomic radii
and energy loss to recoils. For example, P2+ , which has a
radius 17% smaller than that of Al2+ , produces a nominally
higher energy loss to recoils. Within a given atomic period,
the energy loss to recoils is similar, displayed by the dashed
lines in Fig. 3(a) of the average energy loss among ions in a
given atomic period.
A stronger correlation in energy loss to recoils is observed
as a function of ion mass, illustrated by the proportional
relation Fig. 3(b). Successive increases in mass produce corresponding increases in energy loss to recoils. A linear fit
between the parameters is shown in the figure, which serves
as a guide to the eye. Taken together, the similarity in recoil
energy loss for atoms of a given atomic period and the linear
relation with ion mass demonstrates that ion mass plays a
more influential role in producing displacement damage in the
silicon target.
Increased energy loss to recoil cascades translates to higher
dpa values. Thus, we consider the correlation between dpa and
thermal conductivity. As shown in Fig. 1(a), the magnitude of
the dpa is depth dependent. Here we consider the dpa within
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FIG. 4. Measured thermal conductivity of all ions as a function
of integrated dpa. The dashed line models the data assuming a defect
scattering coefficient proportional to the integrated dpa (shown in
the inset). The gray region provides an upper and lower bound to the
model accounting for a 95% confidence interval in the fitted relation
between the scattering coefficient and the integrated dpa.

the depths spanning to the TPD. This range is calculated by
solving the heat equation for a multilayered structure and
determining the depth at which the temperature excursion
falls to 1/e that of the surface [22,23]. The heater is assumed
as a Gaussian source with a diameter equal to that of the
effective spot size, modulated at the pump frequency of the
TDTR measurements (8.8 MHz). Depending upon the thermal
conductivity of the silicon and thermal boundary conductance
(TBC), the TPD is found to range between 0.68 and 0.92
μm. As there is little sensitivity to the TBC of the high-dose
Ge2+ implants, we do not model the TPD for those samples,
however, it is expected to be below the minimum value of
0.68 μm.
The dpa sampled by the TDTR measurement is then considered as the total dpa integrated from the sample surface
to the TPD. Depending upon the ion species and fluence, this
yields values spanning 1.12 × 10−4 to 1 dpa. The thermal conductivity of all samples is plotted as a function of integrated
dpa in Fig. 4. A consistent reduction in thermal conductivity is
observed as a function of dpa. Because displacement damage
is the dominant mechanism of thermal conductivity reduction,
there is a similar trend among the data set in contrast to the
dose-dependent thermal conductivity, which is also a function
of ion mass.
To model the dpa-dependent trend, we consider the thermal
conductivity from the framework of a Callaway-type model

[44] (details provided in the Supplemental Material [20]). The
thermal conductivity is subject to boundary, Umklapp, and
defect scattering terms which are scaled by fitted coefficients.
We assume the thermal conductivity reduction attributed to
displacement damage to be represented by the defect scat−1
= Aω4 . For the boundary and Umklapp
tering term τdefect
scattering rates, we utilize the forms and coefficients provided
by Yang and Dames [45].
The magnitude of the defect scattering coefficient A can
be obtained for each measured thermal conductivity value by
interpolating the value of the measured thermal conductivity
to the modeled thermal conductivity as a function of A (plotted
in the Supplemental Material [20]). As we seek to model
the thermal conductivity as a function of dpa, we correlate
the calculated scattering coefficients with the integrated dpa
values associated with each corresponding measured thermal
conductivity. There is a proportional relationship between A
and the integrated dpa, shown in the inset of Fig. 4. Given the
approximately linear relation within log scaling, a power-law
type relationship between the two parameters is assumed.
With the fitted relation between A and the integrated dpa,
the thermal conductivity is then calculated as a function of
integrated dpa, shown as the dashed line in Fig. 4. The gray
regions surrounding the model encompass the uncertainty attributed to a 95% confidence interval in the linear fit used
to model A as a function of dpa. Despite the simplicity, this
model provides a generalized tool to estimate the reduction in
thermal conductivity of silicon in response to ion irradiation,
which is independent of ion species and fluence.
In summary, single crystal silicon wafers were implanted
with an array of ions of varying mass and radius, and the
thermal conductivity was measured with TDTR. By recrystallizing select samples with high-temperature anneals, the
reduction in thermal conductivity was attributed to the structural disorder induced by the incident ion rather than impurity
scattering imparted by the ions themselves. Through analysis
of the energy loss mechanisms, the mass of the ion was found
to dictate the degree of target damage; ions of atoms within
the same atomic period behave in a similar manner. Finally,
the relation between radiation-induced damage and thermal
conductivity was represented with a model in which the defect
scattering rate is a function of the integrated dpa. Knowledge
of particle energy and fluence could therefore be used to
estimate potential thermal conductivity reduction for silicon
devices in extreme environments.
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