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ABSTRACT

We study the thermal conductivity of diameter modulated Si nanowires to understand the impact
of different nanoscale transport mechanisms as a function of nanowire morphology. Our
investigation couples transient suspended microbridge measurements of diameter modulated Si
nanowires synthesized via vapor-liquid-solid growth and dopant selective etching with predictive
Boltzmann transport modeling. We show that the presence of a low thermal conductivity phase
(i.e., porosity) dominates the reduction in effective thermal conductivity, and is supplemented by
increased phonon-boundary scattering. The relative contributions of both mechanisms depend on
the details of the nanoscale morphology. Our findings provide valuable insight into the factors

that govern thermal conduction in complex nanoscale materials.



INTRODUCTION

A comprehensive understanding of the contributions of different thermal transport
mechanisms in materials with complex nanoscale morphologies, especially those with composite
and periodic structures, remains elusive and complicates a priori materials design. Such
processes are often interrogated using Si nanostructures, such as nanowires!~” and nanomeshes,®-
1 because currently available fabrication methods allow for a rich and tunable palette of
morphologies. The situation is well understood for relatively simple nanostructures, such as Si
nanowires where phonon-boundary scattering dominates thermal transport.!>!* The diffusive
scattering of phonons at surfaces shortens their mean free paths (MFPs), and the thermal
conductivity of the nanostructure is reduced with respect to bulk.®!* Morphologically, thermal

3,4,6

conductivity can be tailored via control of diameter®>*® and surface roughness.!>!*> Investigations

16-18 and nanoslot films'®) have also

of modulated nanostructures (such as ‘corrugated’ nanowires
indicated the dominance of phonon-boundary scattering.  For structures such as Si
nanomeshes,>1%2%2! the impact of replacing solid material by a fluid (or another material) must
be considered at the same time as phonon-boundary scattering. Material replacement is an
effective route to engineer thermal conductivity of both nanoscale and macroscale systems. For
instance, extremely low thermal conductivity arises in nano-porous silicon?? and the thermal
insulating properties of aerogels stem from their substantial porosity.?® In the presence of
simultaneously periodic and smooth interfaces at the nanoscale, coherent interference may also

be active.?®?! Additional transport mechanisms, including ‘phonon-backscattering,’** ¢

phonon-
trapping,”®® and ‘Sharvin resistance,’?® have been proposed in studies of periodic ‘fishbone” and

‘scallop’ shaped nanowires.?*2¢ The number of proposed mechanisms, many of which apply to

the specifics and/or conditions of the nanostructure under investigation, indicates that additional



studies are needed to fully understand phonon transport in complex nanostructures and quantify
the impact of different mechanisms underlying thermal conduction.

Here, we study diameter-modulated Si nanowires to better understand the governing
thermal transport mechanisms in periodic and composite nanostructures. Our methodology
combines: (i) bottom-up vapor-liquid-solid (VLS) growth and dopant selective etching?’ to
program the morphology of Si nanowires, (ii) a transient suspended four-microbridge thermal
conductivity measurement that accounts for thermal contact resistance, and (iii) predictive
Boltzmann-transport modeling to predict the thermal conductivity. Our results and analysis show
that etching induced material removal and increased diffusive phonon-boundary scattering both
play a role in the reduction of thermal transport in diameter-modulated Si nanowires. The
relative contribution of each mechanism depends on the details of nanoscale morphology. These
insights will be useful for the design of future thermoelectric, electronic, optoelectronic, and

photovoltaic devices.?®32

EXPERIMENTS

Periodically modulated Si nanowires, as schematically illustrated in Figure la, are
synthesized by a combination of dopant modulation during VLS growth and post-growth dopant
selective KOH etching.?” A total of seven (n = 7) modulated nanowires with mean unetched
diameter of 172.8 nm (standard deviation 5.5 nm) are fabricated. Temperature dependent thermal
conductivity measurements are then performed on single nanowires with a modified suspended
four microbridge electro-thermal measurement technique developed by Kim et al.,** which
accounts for thermal contact resistance at the nanowire and the bridge interface. To predict
thermal transport, we develop a phonon transport model that considers the frequency and

temperature dependence of phonon transport in Si.!*3* The two sections (i.e. etched and unetched



sections) of the modulated nanowire are modeled using this phonon transport model, and their
average is used to determine the thermal conductivity of the material K. . By using the material
thermal conductivity k., effective medium theory formulation is applied to obtain the effective
thermal conductivity ke; of the modulated nanowire This effective medium theory is also
validated against finite-element based COMSOL simulations. To compare the K.; predictions
with experiments, the experimentally measured thermal conductance G is converted to effective
thermal conductivity using K.y =GL/A, where L is the length of the nanowire between
microbridges, and A is the unetched nanowire cross-sectional area. Methods for sample
preparation, thermal conductivity measurements, and analytical modeling are fully detailed in the
Supporting Information (SI).
Dunetched L unetched
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Figure 1. (a) Sketch of a diameter modulated Si nanowire demonstrating the etched and unetched length
and diameter; (b)-(d) SEM images of diameter modulated Si nanowires with different D and L values
measured with the transient suspended microbridge technique. Scale bars, 500 nm. The images are false
colored for clarity with red highlighting the nanowire and blue highlighting the Pt coated SilNy
microbridges.



We define two dimensionless parameters, D and L, to quantify the magnitude and
periodicity of the diameter modulation, respectively. D is defined as:

D = (Dunetchea — Detched)/D — AD/D (1)

unetched unetched

where Dgicneq 18 the diameter of the nominally undoped segments following dopant selective
etching, and D, ;,0¢cneq 18 the diameter of the doped segments, which is equivalent to the original
nanowire diameter as these segments do not etch appreciably. D varies from 0 for nanowires
without selective etching to 1 for nanowires where segments are entirely etched. Similarly, L is
defined as:

L= Letchea (2)

Lunetched + Letched)

where L,;cneq 18 the length of the etched (i.e., nominally undoped) segments and Ly ,e¢cneq 18 the
length of the unetched (i.e., doped) segments. L ranges from 0 for nanowires that do not etch
appreciably (i.e., fully doped) to 1 when the entire nanowire etches (i.e., no intentional doping).
Thus, nanowires with large values of D and L exhibit a greater amount of material removal.
Figures 1b-d show a selection of periodically modulated Si nanowires with different D and L

values.

RESULTS

Figure 2 compares representative temperature dependent effective thermal conductivity kes
measurements and thermal transport calculations of undoped, dopant modulated, and dopant and
diameter modulated Si nanowires between 50 K and room temperature. The measured thermal
conductivity ke of all nanowires is lower than that of bulk Si, as expected from diffuse phonon-

boundary scattering.>> A boundary-scattering dominant low temperature region and phonon-



phonon/impurity scattering dominant high temperature region is observed for all samples. For
unetched nanowires, either nominally undoped (Figure 2a) or dopant modulated (Figure 2b), the
measured and predicted thermal conductivities k¢ are in agreement across the entire temperature

range. A small reduction (from ~55 to 50 W/m-K at 125 K) in k¢ is seen upon
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Figure 2. Temperature dependent effective thermal conductivity measurements and predictions for (a) a
nominally undoped Si nanowire (Dunetciea = 159 nm), (b) a dopant modulated Si nanowire (Dunerches = 154
nm), and (c) a dopant and diameter modulated Si nanowire. The nanowires measured in (b) and (c) are
from the same growth run. All prediction bands account for a £10 nm uncertainty in diameters, and all
measurement uncertainties are calculated using a Monte Carlo approach described in SI.***’



doping (Figure 2a vs. Figure 2b). This is consistent with additional phonon point-defect
scattering since the weak electron-phonon interactions in Si is demonstrated in previous
studies.’® Measurements of nanowires with diameter modulation show a further reduction of Kefr
(Figure 2b vs. Figure 2¢). Considering the independent development of theoretical predictions
and experimental measurements, uncertainty in low temperature phonon MFPs, and experimental
surface characterization, the agreement between theory and experiments is reasonable. Despite
the differences, experiments and theoretical predictions clearly show how the introduction of
diameter modulation by etching leads to a considerable reduction in thermal transport in the

nanostructure.
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Figure 3. Temperature dependent effective thermal conductivity measurements and predictions of
diameter modulated Si nanowires with varying (a) D and (b) L. All prediction bands account for a £10 nm
uncertainty in diameters, and all measurement uncertainties are calculated using a Monte Carlo approach
detailed in SI.



We now study the impact of D and L on the observed reduction of effective thermal
conductivity. Figure 3 shows the measured and predicted effective thermal conductivity of
diameter modulated nanowires between 50 K and room temperature possessing similar Dunerched
(mean 172.8 nm, relative standard deviation 3.2 %) and Lunerchea (mean 285.4 nm, relative
standard deviation 8.5 %). For nanowires with varying D and constant L (Figure 3a), both
measurement and modeling indicate that thermal conductivity k. decreases as D increases. In
comparison, the impact of L on thermal conductivity k. for nanowires with a fixed D is found to
be weaker for all temperatures for the considered range of D values (Figure 3b). To examine the
role of D and L more closely, we plot room temperature thermal conductivity K. for modulated
nanowires as a function of D and L in Figure 4a and 4b, respectively. Both measurement and
modeling show a strong correlation between D and k. (Pearson’s correlation coefficient, R = -
0.948) while a weak correlation is observed between L and ke (R = -0.05) for the range of
structures considered. When these data are replotted as a function of porosity, i.e., the ratio of the
volume of the etched material to the volume of the original structure, ¢ = (2 — D)DL in Figure
4c, it is observed that the thermal conductivity k. of diameter modulated nanowires reduces
with increasing porosity. Thus, increasing D and L suppresses thermal conduction as more
material is removed. This reduction in nanoscale thermal conductivity is due to both phonon
boundary scattering and porosity, which are analyzed next.

We now assess the contributions of material removal (i.e., porosity) and phonon-
boundary scattering on the observed reduction in effective thermal conductivity for diameter-
modulated Si nanowires. To estimate the contribution of each mechanism, we simulate diameter-

modulated nanowires where the thermal conductivity is due to (i) material removal alone (i.e.,



assuming phonon-boundary scattering is the same for etched and unetched segments) or (ii) both

material removal and changes to phonon-boundary scattering.
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Figure 4. Room-temperature effective thermal conductivity measurements and model predictions plotted
as a function of (a) D, (b) L, and (c) porosity for all studied nanowires.

Figure 5 shows the predicted thermal conductivities as a function of temperature for the
unetched Si nanowire (gray), a diameter modulated Si nanowire where only material removal

effects are included (orange), and a diameter modulated Si nanowire including contributions



from both material removal and phonon-boundary scattering (red). We find that replacing solid
material with a low conducting air/vacuum phase causes the majority of the reduction of thermal
conductivity K.z however, both contributions are important. For the nanowire in Figure S5a
(smaller D and L) at 300 K, material removal reduces the thermal conductivity by ~22% from the
unetched nanowire and the addition of phonon-boundary scattering further reduces thermal
conductivity by ~12%. In contrast, for the nanowire in Figure 5b (larger D and L) at 300 K,
material removal caused a significantly higher ~70% reduction whereas phonon-boundary
scattering led to a further ~21% reduction.

We note that two thermal conductivities have been considered in the literature: (i) the
effective thermal conductivity k. which includes contributions from both material removal and
phonon-boundary scattering (as reported above), and (ii) the solid material’s intrinsic thermal
conductivity Kma, which is derived from experimental data accounting only for additional
phonon-boundary scattering (i.e., neglecting material removal effects, see SI for method). The
solid material thermal conductivity Km. for our modulated nanowires is shown in Figure 6a as a
function of etched diameter at room temperature. Red solid symbols show these k. values
while red solid line shows the theoretical predictions. The material thermal conductivity Kma
ranges from 35-45 W/m-K showing a reduction from Si bulk value k~150 W/m-K arising due to
phonon boundary scattering. The kma values for fishbone nanowires,”® nanoladders,*® and
corrugated nanowires,'® which, unlike our modulated nanowires, are all planar top-down etched
structures, are also included as symbols (squares). For comparison, we consider nanostructures
with similar characteristic sizes to our modulated nanowires, i.e. ~100nm and find good
agreement across all the nanostructures. In addition, we next compare our results to those

reported for nanomeshes’. We plot both thermal conductivity values ey and e for our
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Figure 5. Predicted thermal conductivity values for diameter modulated Si nanowires from this work as a
function of temperature: (a) D = 0.24 and L = 0.38, (b) D = 0.59 and L = 0.46. Effective thermal
conductivity accounting for both material removal and added phonon-boundary scattering is shown in
brown, whereas thermal conductivity accounting only for material removal is shown in orange. For
comparison, the thermal conductivity of an unetched nanowire is shown in gray on both plots with bands
accounting for a £10 nm diameter uncertainty.

nanowires (with constant D) along with the data from nanomeshes’ for a constant neck size
(similar to our D) as a function of L in Figure 6b. For the effective thermal conductivity .z, we
observe a slight reduction as L is increased for both our nanowires and literature reported
nanomeshes, consistent with the physical interpretation of additional scattering and material

removal effects explained above. However, in the case of our nanowires, the solid material

thermal conductivity Kma, shows a near independence with increasing L, indicating the weak role
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Figure 6. (a) Solid material Kmq: at room temperature as a function of Decres (01 neck) for our modulated
nanowires (circles) and structures from literature (squares). (b) Effective K¢ (orange) and solid material
Kmat (green) thermal conductivity plotted as a function of length ratio L for modulated nanowires with
constant diameter ratio D (square) and for nanomeshes from literature (circle).’

of scattering from perpendicular walls in impacting intrinsic thermal transport properties. In
contrast, in nanomeshes the solid material thermal conductivity . increases with increasing L.
We note that the changes in this material thermal conductivity km« in nanomeshes could be
explained without invoking the concept of backscattering by considering the diffusive scattering
of phonons in the cross-plane direction (i.e., transport where nanostructure boundaries are
perpendicular to temperature gradient) where thermal transport is suppressed as compared to the

0

in-plane direction,* explaining why removing the contribution from perpendicular walls by

making L ~ 1 with constant D can slightly increase material thermal conductivity.
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Our data also indicate that coherent effects, such as phonon trapping,*! are not active in
our system. In the presence of coherent interference, a change in structural periodicity (i.e., L)
can modify the phononic density of states, especially at lower temperatures where phonon-
phonon interactions are suppressed.?! However, coherence is most expected when nanostructure
dimensions are small (< 20 nm for Si)*>*} and/or when surfaces are smooth?! while our current
nanowire dimensions are relatively large (~ 100 nm) and post-growth etching increases surface
roughness (etched Si surfaces are often rough,' in excess of 5 nm in some instances?*). Careful
surface tuning along with tailoring the phonon spectra with alloying and cooling!® may elicit
coherent effects in Si nanostructures.
CONCLUSION

In summary, we combine advances in bottom-up VLS growth and dopant selective
etching, detailed predictive thermal conductivity calculations, and transient suspended four
microbridge technique to probe and understand phonon transport in diameter modulated Si
nanowires. We assess the relative impact of porosity and phonon-boundary scattering on the
observed reduction of effective thermal conductivity. While increased porosity is the dominant
effect, its relative influence depends on the details of the nanoscale structure. Our phonon
transport model is sufficient to capture the phonon dynamics in diameter-modulated Si
nanowires enabling accurate predictions of thermal conductivity without invoking alternative

mechanisms.

SUPPORTING INFORMATION
Methodological details including nanowire growth, thermal conductivity measurements,
error estimation, modeling, and reporting of thermal conductivity in unetched and modulated

nanowires.
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